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Final  Report  for  ONR  Symposium  Grant:  Navy#  N00014-95- 1-0290 


Symposium  Title:  Spectroscopies  in  Novel  Superconductors 

Prepared  by:  Zhi-xun  Shen,  Department  of  Applied  Physics  and  Stanford  Synchrotron 
Radiation  Laboratory,  Stanford  University 

•  Date  and  location  of  the  symposium: 

March  15-18, 1995 

Stanford  Synchrotron  Radiation  Laboratory 
Stanford  University,  California 

•  Report  of  the  conference 

In  the  field  of  high-Tc  superconductivity  research,  various  spectroscopies  are  playing 
critical  roles  to  reveal  the  microscopic  origin  of  this  remarkable  phenomenon.  This 
conference  brought  together  different  spectral  aspects  of  high-temperature 
superconductors.  Through  the  four  days  planned  program,  the  conference  helped  the 
participants  to  obtain  the  latest  information  about  both  experimental  and  theoretical 
issues.  The  discussion  facilitated  by  the  conference  generated  new  ideas  and  helped 
resolved  some  of  the  outstanding  issues.  Attached  are  copies  of  the  scientific  program 
and  the  conference  proceeding  which  is  published  as  a  special  volume  in  the  Journal 
Physics  and  Chemistry  of  Solids. 

The  Conferences  on  Spectroscopies  in  Novel  Superconductors  started  with  the  Argonne 
meeting  in  1991,  where  the  k-resolved  spectroscopies  of  electronic  states  at  and  near  the 
Fermi  energy  were  discussed.  The  spectroscopies  included  in  the  Argonne  conference 
were  photoemission,  de  Haas-van  Alphen,  positron  2D-ACAR  and  tunnelling.  In  the 
following  conferences  in  Sendai,  July,  1992  and  in  Santa  Fe,  March,  1993,  the  scope  of 
the  conference  expanded  to  include  optical,  microwave,  transport,  NMR  and  NQR 
measurements.  The  Stanford  conference  further  broadened  the  conference  scope  by 
including  neutron,  quantum  interference  and  thermodynamics  experiments.  This 
evolution  reflects  the  growing  sophistication  of  the  field  and  the  increasing  importance  of 
spectroscopies  to  understanding  the  novel  superconductors. 


It  has  always  been  a  tradition  of  this  conference  series  to  have  a  strong  theoretical 
component.  Theoretical  models  ranging  from  band  theoiy  to  highly  correlated  electron 
systems,  and  those  concentrated  as  much  on  the  mechanisms  of  superconductivity  as  they 
did  on  Fermi  surface  properties  were  presented.  Like  the  Santa  Fe  conference,  a  special 
evening  session  was  organized  at  the  Stanford  conference  to  discuss  issues  related  to,  but 
not  limited  to,  the  superconducting  pairing  symmetry. 

The  Stanford  conference  generated  considerable  interest  in  the  scientific  community. 
About  two  hundreds  scientists  from  fourteen  countries  attended  the  conference:  United 
States,  Japan,  Canada,  Germany,  Switzerland,  France,  The  Netherlands,  Sweden,  India, 
Israel,  Argentina,  China,  Finland  and  Russia.  There  were  about  140  papers  presented  at 
the  conference  with  one  to  two  mixtures  of  theory  and  experiment. 
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The  Journal  of  Physics  and  Chemistry  of  Solids  is  a  well-established 
international  medium  for  publieation  of  research  in  condensed  matter  and 
materials  science.  Emphasis  is  placed  on  experimental  and  theoretical  work 
which  contributes  to  a  basic  understanding  of  and  new  insight  into  the 
properties  and  behaviour  of  condensed  matter. 

General  areas  of  interest  are  the  electronic,  spectroscopic  and  structural 
properties  of  solids,  the  statistical  mechanics  and  thermodynamics  of 
condensed  systems,  including  perfect  and  defect  lattices,  surfaces,  inter¬ 
faces,  thin  films  and  multilayers,  amorphous  materials  and  nanostructures, 
and  layered  and  low-dimensional  structures.  Typical  examples  include  the 
preparation  and  structural  characterization  of  novel  and  advanced 
materials,  especially  in  relation  to  the  measurement  and  interpretation  of 
their  electrical,  magnetic,  optical,  thermal  and  mechanical  properties,  phase 
transitions,  electronic  structure  and  defect  properties,  and  the  application 
of  appropriate  experimental  and  theoretical  techniques  in  these  studies. 

Articles  are  encouraged  in  all  the  above  areas,  but  especially  those  which 
emphasize  fundamental  aspects  of  materials  science.  From  time  to  time. 
Special  Issues  of  the  Journal  containing  invited  articles  devoted  to  topical 
or  rapidly  developing  fields  are  published. 


Publishing,  Subscription  and  Advertising  Offices:  Elsevier  Science  Ltd,  The  Boulevard,  Langford  Lane,  Kidlington,  Oxford 
0X5  1GB,  U.K.  and  Elsevier  Science  Inc.,  660  White  Plains  Road,  Tarrytown,  NY  10591-5153,  U.S.A. 

Copyright  ©  1995  Elsevier  Science  Ltd 

It  is  a  condition  of  publication  that  manuscripts  submitted  to  this  journal  have  not  been  published  and  will  not  be 
simultaneously  submitted  or  published  elsewhere.  By  submitting  a  manuscript,  the  authors  agree  that  the  copyright  for  their 
article  is  transferred  to  the  Publisher  if  and  when  the  article  is  accepted  for  publication.  However,  assignment  of  copyright 
is  not  required  from  authors  who  work  for  organizations  which  do  not  permit  such  assignment.  The  copyright  covers  the 
exclusive  rights  to  reproduce  and  distribute  the  article,  including  reprints,  photographic  reproductions,  microform  or  any 
other  reproductions  of  similar  nature  and  translations.  No  part  of  this  publication  may  be  reproduced,  stored  in  a  retrieval 
system  or  transmitted  in  any  form  or  by  any  means,  electronic,  electrostatic,  magnetic  tape,  mechanical  photocopying, 
recording  or  otherwise,  without  permission  in  writing  from  the  copyright  holder. 

PHOTOCOPYING  INFORMATION  FOR  USERS  IN  THE  U.S.A. 

The  Item-Fee  Code  for  this  publication  indicates  that  authorization  to  photocopy  items  for  internal  or  personal  use  is 
granted  by  the  copyright  holder  for  libraries  and  other  users  registered  with  the  Copyright  Clearance  Center  (CCC) 
Transactional  Reporting  Service  provided  the  stated  fee  for  copying  beyond  that  permitted  by  Section  107  or  108  of  the 
United  States  Copyright  law  is  paid.  The  appropriate  remittance  of  $9.50  per  copy  per  article  is  paid  directly  to  the 
Copyright  Clearance  Center  Inc.,  222  Rosewood  Drive,  Danvers,  MA  01923,  U.S.A. 

PERMISSION  FOR  OTHER  USE 

The  copyright  owner’s  consent  does  not  extend  to  copying  for  general  distribution,  for  promotion,  for  creating  new  works, 
or  for  resale.  Specific  written  permission  must  be  obtained  from  the  Publisher  for  such  copying. 

The  Item-Fee  Code  for  this  publication  is:  0022-3697/95  $9.50-1-0.00 

©TMThe  paper  used  in  this  publication  meets  the  minimum  requirements  of  American  National  Standard  for  Information 
Sciences — Permanence  of  Paper  for  Printed  Library  Materials,  ANSI  Z39.48-1984. 

Whilst  every  effort  is  made  by  the  publishers  and  editorial  board  to  see  that  no  inaccurate  or  misleading  data,  opinion  or 
statement  appear  in  this  journal,  they  wish  to  make  it  clear  that  the  data  and  opinions  appearing  in  the  articles  and 
advertisements  herein  are  the  sole  responsibility  of  the  contributor  or  advertiser  concerned.  Accordingly,  the  publishep, 
the  editorial  board  and  editors  and  their  respective  employees,  officers  and  agents  accept  no  responsibility  or  liability 
whatsoever  for  the  consequences  of  any  such  inaccurate  or  misleading  data,  opinion  or  statement. 


Proceedings  of  the  Conference  on 


SPECTROSCOPIES  IN  NOVEL 
SUPERCONDUCTORS 

Stanford  Linear  Accelerator  Center 
Stanford,  California 
March  15-18, 1995 


Z.-X.  Shen,  Stanford  University  (Co-Chairman) 

W.E.  Spicer,  Stanford  University  (Co-Chairman) 

A.  Bansil,  Northeastern  University  (Program  Chairman) 

Sponsored  by: 

ARP  A 

Argonne  National  Laboratory 
ISTEC-SRL 

Lawrence  Berkeley  Laboratory 
Los  Alamos  National  Laboratory 
Office  of  Naval  Research 

Stanford  University,  Office  of  the  Dean  of  Research 
Stanford  University,  School  of  Humanities  and  Sciences 
Stanford  Synchrotron  Radiation  Laboratory 


Dedicated  to  Professor  WHtiant  E.  Spicer 
inhonor 

of  his  65fh  hirdtdayandretirementfrom  Stanford  University 


CONTENTS 
SPECIAL  ISSUE 

SPECTROSCOPIES  IN  NOVEL  SUPERCONDUCTORS 


Z.-X.  Shen,  D.  Liebenberg  and 

A.  Bansil 

XV 

Preface 

xvii 

List  of  Participants 

xxi 

Scientific  Program  of  the  Conference 

Theory 

A.A.  Abrikosov 

1567 

On  the  nature  of  the  order  parameter  in  HTSC  and  influence  of 
impurities 

O.K.  Andersen, 

A.L  Liechtenstein,  O.  Jepsen  and 

F.  Paulsen 

1573 

LDA  energy  bands,  low-energy  Hamiltonians,  t',  t",  t_L(k),  and  Jj_ 

P.W.  Anderson 

1593 

A  battery  of  smoking  guns  (for  the  non-Fermi  liquid-interlayer 
theory  of  high-  cuprates) 

N.  Bulut  and  D.J.  Scalapino 

1597 

Evolution  of  the  single-particle  spectral  weight  with  doping 

S.  Doniach 

1601 

Reflections  on  the  superconductor-insulator  transition 

P.J.  Hirschfeld 

1605 

Impurity  scattering  and  order  parameter  symmetry  in  high-T^ 
superconductors 

L.B.  Ioffe  and  AJ.  Millis 

1611 

Magnetic  properties  of  high  temperature  superconductors:  a  spin 
liquid  approach 

H.  Kajueter  and  G.  Kotliar 

1615 

Spectral  functions  of  correlated  electron  systems  in  the  local 
impurity  self  consistent  approximation 

C.  Kallin,  AJ.  Berlinsky, 

A.L.  Fetter,  M.  Franz  and 

P.I.  Soininen 

1619 

Vortices  in  d-v/ayo  superconductors 

V.Z.  Kresin,  S.A.  Wolf, 

S.D.  Adrian,  M.E.  Reeves  and 

Yu.  N.  Ovchinnikov 

1623 

Energy  spectrum  of  high-r,.  oxides:  two-gap  structure,  gaplessness, 
and  implications 

R.B.  Laughlin 

1627 

Evidence  for  electron  decay  in  photoemission  from  Sr2Cu02Cl2 

P.A.  Lee  and  K.  Kuboki 

1633 

Energy  gap  structure  in  bilayer  oxide  superconductors 

R.S.  Markiewicz 

1637 

Pseudogaps  in  the  van  Hove  Jahn-Teller  scenario 

A.J.  Millis,  L.B.  Ioffe  and 

H.  Monien 

1641 

Spin  g^ips  in  high  temperature  superconductors 

A.  Moreo,  A.  Nazarenko, 

S.  Haas,  A.  Sandvik  and 

E.  Dagotto 

1645 

Study  of  ARPES  data  and  ^f-wave  superconductivity  using 
electronic  models  in  two  dimensions 

D.  Pines  and  P,  Monthoux 

1651 

d^\y^  pairing  and  spin  fluctuations  in  the  cuprate  superconductors:  a 
progress  report 

R.  Preuss,  R.  Putz,  W.  Hanke  and 
W.  von  der  Linden 

1659 

Continuous  evolution  of  the  2D  Hubbard  model  from  an  insulator 
to  a  metal 

T.M.  Rice,  M.  Troyer  and 

H.  Tsunetsugu 

1663 

The  <i-wave  resonance  valence  bond  state 

vii 


D.J.  Scaiapino 

1669 

Distinguishing  high-T^  theories 

J.R.  Schrieffer  and 

A.P.  Kampf 

1673 

ARPES:  novel  effect  in  the  energy  and  momentum  distributions 

A.  Sokol 

1679 

Magnetic  behavior  of  the  cuprate  superconductors 

C.M.  Varma 

1685 

Symmetry  of  the  superconducting  state  in  copper  oxides 

J.  Ashkenazi 

1691 

Two  types  of  charge  carriers  in  the  high-T^.  cuprates 

B.  Barbiellini,  M.J.  Puska, 

A.  Harju  and  R.M.  Nieminen 

1693 

Positron  annihilation  and  positron-electron  correlation  effects  in 
high-T^  oxides 

A.J.  Berlinsky,  A.L.  Fetter, 

M.  Franz,  C.  Kallin  and 

P.I.  Soininen 

1695 

Ginzburg-Landau  theory  of  the  Abrikosov  lattice  in  a  cZ-wave 
superconductor 

H.A.  Blackstead  and  J.D.  Dow 

1697 

Charge-transfer  and  the  location  of  superconducting  holes  in 
La2.pSrpCu04 

B.H.  Brandow 

1699 

A  valence-fluctuation  mechanism  with  highly  anisotropic  j-wave 
pairing 

J.M.  Byers  and  M.E.  Flatte 

1701 

Two-protrusion  STM  on  an  anisotropic  superconductor 

C.  Chen 

1703 

Correlation-induced  electron-lattice  interaction  in  the  Hubbard 
model:  its  effects  on  the  spectral  distribution 

L,  Chen  and  P.  Benard 

1705 

Spin  fluctuations  in  high-T^  superconductors  with  two  Fermi 
surface  sheets 

A.V.  Chubukov, 

D.M.  Frenkel,  G.  Blumberg  and 
M.V.  Klein 

1707 

Resonant  two-magnon  Raman  scattering  in  antiferromagnetic 
insulators 

E,  Dagotto,  A.  Nazarenko, 

A.  Moreo  and  S.  Haas 

1709 

A  simple  theory  for  the  cuprates:  the  antiferromagnetic  van  Hove 
scenario 

T.P.  Devereaux 

1711 

Raman  scattering  in  disordered  unconventional  superconductors 

M.V.  Eremin, 

S.G.  Solovjanov  and 

S.V.  Varlamov 

1713 

Some  novel  features  of  the  bands  in  HTSC 

M.E.  Flatte 

1717 

Measuring  a  superconductor’s  gap  anisotropy  with  EELS 

N.  Hamada,  H.  Sawada  and 

K.  Terakura 

1719 

Electronic  band  structure  of  Laj.^^Baj^nOj 

S.  Kashiwaya,  Y.  Tanaka, 

M.  Koyanagi,  H.  Takashima  and 
K.  Kajimura 

1721 

Tunneling  spectroscopy  of  <i-wave  superconductors 

H.  Kim  and  E.J.  Nicol 

1725 

Effect  of  impurity  scattering  on  a  d+s  wave  superconductor:  low 
temperature  behavior  of  penetration  depth 

V.N.  Kostur  and  B.  Mitrovic 

1727 

Weak  electron-phonon  interaction  and  strong  phonon  features  in 
a-^-plane  optical  conductivity  of  high-T^  superconductors 

S.  Liang 

1729 

Correlation  energy  hierarchy  in  two  dimensional  Hubbard  model 

D.Z.  Liu,  J.  Maly  and 

K.  Levin 

1733 

K  junctions  in  ^-wave  superconductors:  bi-layer  effects 

K.  Matho 

1735 

Photoemission:  low-energy  and  high-energy  scales 

viii 


N.  Nagaosa  and  T.-K.  Ng 

1737 

Nonmagnetic  impurities  in  high-Tc  cuprates 

B.  Normand,  H.  Kohno  and 

H.  Fukuyama 

1739 

Superconductive  phonon  anomalies  in  high-r^  cuprates 

Y.  Ohta  and  R.  Eder 

1741 

Hole  pockets,  shadow  bands,  and  spin  bags  in  the  doped  t-J  model 

F,  Onufrieva 

1743 

Evidence  for  symmetry  of  superconducting  order  parameter  in 

YBCO  from  neutron  scattering  data 

C.-H.  Pao  and  H.-B.  Schiittler 

1745 

Isotope  effect  in  spin  fluctuation  models 

W.O.  Putikka 

1747 

Magnetic  frustration  and  spin-charge  separation  in  2D  strongly 
correlated  electron  systems 

Y.  Ren,  J.H.  Xu  and 

C.S.  Ting 

1749 

Spontaneous  generation  of  5-wave  component  in  a  purely  ^/-wave 
superconductor 

C.O,  Rodriguez,  R.  Weht, 

M.  Weissmann  and 

N. E.  Christensen 

1751 

Are  surface  effects  to  be  included  in  the  study  of  the  electronic 
structure  of  high  temperature  superconductors? 

S.K.  Sarker 

1753 

Confinement  in  the  three-dimensional  anisotropic  t-J  model:  a 
mean-field  study 

H.  Sawada,  N.  Hamada  and 

K.  Terakura 

1755 

Phase  stability  and  magnetic  property  of  LaCoi.jJNi^Og 

J.  Tanaka,  M.  Shimizu  and 

K.  Kamiya 

1759 

Interpretation  of  electronic  Raman  and  angle  resolved 
photoemmision  spectra  of  BijSrjCaCujOg 

Y.  Tanaka  and  S.  Kashiwaya 

1761 

Josephson  effect  in  dj^^.^-wave  superconductors 

A.M.  Tikofsky  and 

D.B.  Bailey 

1763 

A  gapless  time-reversal  symmetry  violating  superconductor 

Y.  Ushijima,  Y.  Tanaka  and 

H.  Tsuchiura 

1767 

Energy  spectrum  of  quasiparticles  for  various  pairing  states  in  2-D 
extended  Hubbard  model 

Y.M.  Vilk  and 

A.-M.S.  Tremblay 

1769 

Destruction  of  the  Fermi  liquid  by  spin  fluctuations  in  two 
dimensions 

G.  Wendin  and  V.S.  Shumeiko 

1773 

Giant  Josephson  current  through  a  single  bound  state  in  a 
superconducting  tunnel  junction 

Z.Y.  Weng,  D.N.  Sheng  and 

C.S.  Ting 

1775 

Spin-charge  separation  in  the  t-J  model 

V.M.  Yakovenko  and 

1.1.  Mazin 

1777 

On  the  interpretation  of  neutron  scattering  in  superconducting 
YBa2Cu307 

S.  Yunoki  and  S.  Maekawa 

1779 

Effects  of  long-range  interaction  in  one-dimensional  electron 
systems 

Y.  Zha,  S.L.  Cooper  and 

D.  Pines 

1781 

Spin  pseudogap  and  c-axis  transport 

Quantum  Interference  and  Tunneling 

H.R.  Ott  and  D.A.  BraM^ner 

1783 

Experimental  evaluation  of  the  order  parameter  symmetry  of 
superconductors 

C.C.  Tsuei,  J.R.  Kirtley, 

M.  Rupp,  J.Z.  Sun, 

L.-S.  Yu-Jahnes,  C.C.  Chi, 

A.  Gupta  and  M.B.  Ketchen 

1787 

Flux  quantization  in  tricrystal  cuprate  rings — a  new  probe  of 
pairing  symmetry 

ix 


D.A.  Wollman, 

D.J,  Van  Harlingen, 

J.  Giapintzakis  and 

D.M.  Ginsberg 

1797 

Tunneling  in  Pb-YB CO  junctions:  determining  the  symmetry  of 
the  pairing  state 

R.  Aoki,  H.  Murakami, 

T.  Kita,  M.  Shirai, 

V.M.  Svistunov, 

A.L  Dyachenko  and 

D.N  Afanassyev 

1801 

Tunneling  observation  of  phonon  contribution  to  the  pairing 
interaction  in  oxide  superconductors 

H.L.  Edwards,  D.J.  Derro, 

A.L.  Barr,  J.T.  Marker!  and 

A.L.  de  Lozanne 

1803 

A  study  of  the  CuO  chains  in  YBa2Cu307.^by  scanning  tunneling 
microscopy  and  spectroscopy 

J.H.  Miller,  Jr.,  Q.Y.  Ying, 

Z.G.  Zou,  J.H.  Xu, 

M.F.  Davis  and  N.Q.  Fan 

1805 

Use  of  cuprate  tricrystal  microbridges  as  probes  of  superconducting 
pairing  state  symmetry 

H.  Murakami  and  R.  Aoki 

1807 

LT-STM/STS  observation  on  different  atomic  layers  of 
BSCCO(2212) 

J.M.  Valles,  Jr.,  S.-Y.  Hsu  and 
J.A.  Chervenak 

1809 

Electron  tunneling  spectroscopy  near  the  magnetic  field  tuned 
superconductor  to  insulator  transition 

Optical  and  Raman  Spectroscopies 

H.  Eisaki  and  S.  Uchida 

1811 

Optical  study  of  high- superconductors  and  related  oxides 

B.  Parks,  J.  Orenstein, 

R.  Mallozzi,  D.T.  Nemeth, 

F.  Ludwig,  J.  Clarke, 

P.  Merchant,  D.J.  Lew, 

I.  Bozovic  and  J.N.  Eckstein  ’ 

1815 

Re-examining  the  vortex  state  of  cuprate  superconductors  with  gap 
anisotropy 

T.  Timusk,  D.N.  Basov  and 

C.C.  Homes 

1821 

The  strange  interplane  conductivity  of  HTSC 

D.  van  der  Marel  and  J.H.  Kim 

1825 

In-plane  and  out-of-plane  charge  dynamics  of  high- cuprates 

A.  Bock,  R.  Kiirsten  and 

U.  Merkt 

1829 

Oxygen  diffusion  in  laser  heated  YBa2Cu307  films 

G.S.  Kino,  I.M.  Fishman, 

X.D.  Wu  and 

W.R.  Studenmund 

1831 

Modulation  measurements  of  YBa2Cu307,5  optical  reflectivity 
using  a  thermal  wave  technique 

A.P.  Litvinchuk,  M.  Kail, 

L.  Borjesson,  P.  Berastegui  and 
L.-G.  Johansson 

1833 

Substitution  of  Pr  for  Y  in  YBa2Cu40{,  and  YBa2Cu3  507  5.5 
superconductors:  phonon  modes  and  charge  transfer  effects 

A.  Matic,  M.  Kail, 

L.  Borjesson  and  Y.  Eltsev 

1835 

Influence  of  Zn-doping  on  the  electronic  Raman  scattering  of 
YBa2Cu307.5 

K.M.  Paget,  T.R.  Lemberger, 

S.R.  Foltyn  and  X.  Wu 

1837 

Comparison  of  chain  (Co)  and  plane  (Zn)  dopants  on  charge 
transport  in  YBa2Cu307.5 

J.  Schiitzmann,  S.  Tajima, 

S.  Miyamoto  and  S.  Tanaka 

1839 

Doping  dependence  of  the  optical  c-axis  conductivity  in  YBa2Cu30, 

B.  Stadlober,  G.  Krug, 

R.  Nemetschek,  M.  Opel, 

R.  Hackl,  D.  Einzel, 

C.  Schuster,  T.P.  Devereaux 

L.  Forr6,  J.L.  Cobb, 

J.T.  Marker!  and  J.J.  Neumeier 

1841 

Study  of  k-dependent  electronic  properties  in  cuprate 
superconductors  using  Raman  spectroscopy 

X 


W.R.  Studenmund,  I.M.  Fishman, 
G.S.  Kino  and  J.  Giapintzakis 

1843 

Symmetry  of  differential  optical  responses  of  normal  and 
superconducting  phases  in  single-crystal  YBCO 

Photoemission  Experiments 

P.  Aebi,  J.  Osterwalder, 

P.  Schwaller,  H.  Berger, 

C.  Beeli  and  L.  Schlapbach 

1845 

Complete  Fermi  surface  mapping  of  Bi-cuprates 

J.W.  Allen,  G.-H.  Gweon, 

R.  Claessen  and  K.  Matho 

1849 

Fermi  liquids  and  non-Fermi  liquids — the  view  from 
photoemission 

A.  Bansil  and  M.  Lindroos 

1855 

Angle-resolved  photo-intensities  in  high- 7^’ s:  surface  states,  CuOj 
plane  bands,  lineshapes,  and  related  issues 

J.C.  Campuzano,  H,  Ding, 

A.  Bellman,  M.R.  Norman, 

M.  Randeria,  G.  Jennings, 

T.  Yokoya,  T.  Takahashi, 

H.  Katayama-Yoshida, 

T.  Mochiku  and  K.  Kadowaki 

1863 

ARPES  studies  in  the  normal  and  superconducting  state  of 
Bi2Sr2CaCu20ji 

D.  King,  D.S,  Dessau, 

A. G.  Loeser,  Z,-X.  Shen  and 

B. O.  Wells 

1865 

Electronic  structure  evolution  from  Mott  insulator  to 
superconductor — an  angle-resolved  photoemission  investigation 

B.O.  Wells,  Z.-X.  Shen, 

A.  Matsuura,  D.M,  King, 

M.A.  Kastner,  M.  Greven  and 

R.J.  Birgeneau 

1871 

Band  mapping  of  the  model  insulator  Sr2Cu02Cl2 — dispersion  of  a 
single  hole  in  an  antiferromagnetic  background 

A.  Fujimori,  K.  Kobayashi, 

T.  Mizokawa,  K.  Mamiya, 

A.  Sekiyama,  H.  Takagi, 

H.  Eisaki,  S.  Uchida, 

R.J.  Cava,  J.J.  Krajewski  and 
W.F.  Peck,  Jr. 

1875 

Spectral  weight  transfer  and  mass  renormalization  in  LnNi2B2C 
(Ln=Y,La) 

S.  Gonda,  M.  Kawasaki, 

S.  Ohashi,  Y.  Kotaka, 

K.  Kishio  and  H.  Koinuma 

1877 

Superconducting  gap  observation  by  high-resolution  photoelectron 
yield  spectroscopy 

C.G.  Olson,  J.G.  Tobin, 

G.D.  Waddill,  D.W.  Lynch  and 
J.Z.  Liu 

1879 

The  1  eV  peak:  a  consistent  feature  of  the  cuprate  superconductors 

D.M.  Poirier,  C.G,  Olson, 

D.W.  Lynch,  M.  Schmidt, 

B.K.  Cho  and  P.C.  Canfield 

1881 

Observation  of  band  dispersion  in  YNi2B2C 

N.  Terada,  K.  Tokiwa, 

H.  Ozawa,  A.  lyo, 

S.  Ishibashi  and  H.  Ihara 

1883 

Photoemission  spectroscopy  of  Cui.,jBa2Can.iCUn02n+4.6  ceramics 
and  thin  films 

T.  Yokoya,  A.  Chainani, 

T.  Takahashi, 

H.  Katayama-Yoshida, 

M.  Kasai  and  Y.  Tokura 

1885 

Angle-resolved  and  resonant  photoemission  study  of  Sr2Ru04 

XI 


Transport  and  Thermodynamic  Properties 

C.  W.  Chu,  Y.  Y.  Xue,  Y.  Cao,  and  1 887  Doping  effect  on  the  penetration  depth  of  HgBa2Cu04^5 


Q.  Xiong 

Z.  Fisk  and  J.L.  Sarrao 

1891 

Materials  and  high-T^ 

K.  Krishana,  J.M.  Harris  and 

N.P.  Ong 

1895 

Quasi-particle  mean-free-path  and  thermal  Hall  conductivity  in 
YBa2Cu307 

K.A.  Moler,  A.  Kapitulnik, 

DJ.  Baar,  R.  Liang  and 

W.N.  Hardy 

1899 

Specific  heat  of  YBajCujOy.s  single  crystals:  implications  for  the 
vortex  structure 

C.  Boekema, 

LM.  Suarez-Barnes, 

V.A.  Gubanov,  D.W.  Cooke 
and  M.  Leon 

1905 

Anomalies  in  vortex  states  of  cuprate  superconductors 

J.A.  Clayhold  and  C.W.  Chu 

1907 

Quasiparticle  contribution  to  the  mixed-state  thermopower  in 

TI2B  a2CaCu20g+5 

Y.Y.  Xue,  Y.  Cao,  Q.  Xiong, 

F.  Chen  and  C.W.  Chu 

1909 

Field-independent  magnetization  and  fluctuations  in  Hg-based 
cuprates 

Neutron  and  NMR  Experiments 

G.  Aeppli,  T.E.  Mason, 

H. A.  Mook  and  S.M.  Hayden 

1911 

Magnetic  fluctuations  in  lamellar  copper  oxides 

R. J.  Birgeneau,  A.  Aharony, 

N.R.  Belk,  F.C.  Chou, 

Y.  Endoh,  M.  Greven, 

S.  Hosoya,  M.A.  Kastner, 

C.H.  Lee,  Y.S.  Lee, 

G.  Shirane,  S.  Wakimoto, 

B.O.  Wells  and  K.  Yamada 

1913 

Magnetism  and  magnetic  fluctuations  in  La2.jcSr^Cu04  for  x  =  0 
(2D  antiferromagnet),  0.04  (3D  spin  glass)  and  x  =  0.15 
(superconductor) 

T.  Imai,  C.P.  Slichter, 

J.L.  Cobb  and  J.T,  Markert 

1921 

Superconductivity  and  spin  fluctuations  in  the  electron-doped 
infinitely-layered  high  T^  superconductor  SroyLa^  1CUO2  (Tc=42  K) 

B.  Keimer,  H.F.  Fong, 

D.  Reznik,  F.  Dogan  and 

I.A.  Aksay 

1927 

Resonant  neutron  scattering  firom  YBa2Cu307 

Y.  Kitaoka,  K.  Ishida, 

G.-Q.  Zheng,  H.  Tou, 

K.  Magishi,  S.  Matsumoto, 

K.  Yamazoe,  H.  Yamanaka  and 

K.  Asayama 

1931 

NMR  study  in  novel  superconductors:  heavy  Fermion  system  and 
high-7;  cuprate 

P.  Bourges,  Y.  Sidis, 

L.P,  Regnault,  B.  Hennion, 

R.  Villeneuve,  G.  Collin, 

C.  Vettier,  J.Y.  Henry  and 
J.F.  Marucco 

Y.-Q.  Song,  A.P.  Reyes, 

X.P.  Tang,  W.P.  Halperin  and 

D.  Hinks 


1937  Comparison  of  antiferromagnetic  fluctuations  in  zinc-free  and 

zinc-doped  YBCO  in  fully  oxidized  samples.  Studies  by  inelastic 
neutron  scattering 


1939  ®^Cu  NMR  in  heavily  doped  La2Cu04 


xii 


Microwave  Experiments 

D.A.  Bonn,  S.  Kamal,  1941  The  microwave  surface  impedance  of  YBa2Cu307.5 

K.  Zhang,  R.  Liang  and 
W.N.  Hardy 

T.  Jacobs,  S.  Sridhar,  1945  Microwave  surface  impedance  of  YiBa2Cu307.5 

C.T.  Rieck,  K,  Scharnberg,  crystals — experiment  and  comparison  to  a  d-wave  model 

T.  Wolf  and  J.  Halbritter 

Positron  Spectroscopy  and  Other  Experiments 

A. A.  Manuel,  A.  Shukla,  1951  Fermi  surfaces  of  high- superconductors  by  positron  2D-ACAR 

L.  Hoffmann,  T.  Jarlborg, 

B.  Barbiellini,  S.  Massidda, 

W.  Sadowski,  E.  Walker, 

A,  Erb  and  M.  Peter 

S.  Ishibashi,  A. A.  Manuel  and  1955  Positron  2D-ACAR  in  TTF-TCNQ 

L.  Hoffmann 

Other  Systems 

G.  Baskaran  1957  Are  there  similarities  between  the  layered  nickel  borocarbide  and 

cuprate  superconductors? 

M. B.  Maple,  Y.  Dalichaouch,  1963  Recent  issues  in  the  physics  of  heavy  Fermion  materials 

M.C.  de  Andrade,  N.R.  Dilley, 

J.  Herrmann  and 
R.  Movshovich 

Summary 

P.B.  Allen  1969  Spectroscopies  in  novel  superconductors — a  conference  summary 


After  Dinner  Talk 

T.H.  Geballe  1973  An  after  dinner  talk-a  gap  that  shouldn’t  be 


xiii 


Preface 


This  volume  is  the  collection  of  invited  and  contributed  papers  presented  at  the  Conference  on 
Spectroscopies  in  Novel  Superconductors  which  was  held  at  the  Stanford  Synchrotron  Radiation 
Laboratory,  Stanford  University,  California,  March  15-18,  1995.  In  order  to  help  the  reader  locate 
material  of  specific  interest,  the  articles  are  grouped  by  subject  matter  with  the  invited  and 
contributed  papers  separately  alphabetized,  and  the  scientific  program  of  the  meeting  is 
reproduced  in  the  front  part  of  the  volume. 

It  is  with  great  pleasure  that  we  dedicate  this  volume  to  Professor  William  E,  Spicer  to  honor  the 
occasion  of  his  65th  birthday  and  retirement  from  Stanford  University.  Following  his  initial  work 
at  the  RCA  laboratories  (1955-62),  Professor  Spicer  started  his  group  at  Stanford  in  1962  in  order  to 
develop  photoemission  spectroscopy.  Since  then— stretching  over  a  span  of  more  than  three 
decades — Professor  Spicer  has  been  a  major  driving  force  in  developing  and  applying  photoelectron 
spectroscopy  and  related  techniques  as  modern  tools  for  probing  electron  states  in  wide  classes  of 
materials.  Professor  Spicer  has  received  numerous  honors,  awards,  and  prizes  for  his  pioneering 
scientific  contributions,  among  these,  the  Buckley  Solid  State  Award  of  APS,  the  Welsh  Medal  of 
the  American  Vacuum  Society,  and  the  Industrial  Research  and  Development  Magazine  Scientist  of 
the  Year  Award  (1981).  Interestingly,  as  long  ago  as  1966,  Professor  Spicer  had  already  started 
investigating  the  transition  metal  oxides  which  have  turned  out  to  be  a  central  ingredient  in  the 
new  superconductors.  Following  the  discovery  of  the  high  superconductors,  photoelectron 
spectroscopy  has  played  an  important  role  in  elucidating  the  electronic  structure  and  pairing 
mechanism  in  these  materials.  Bearing  all  this  in  mind,  we  enthusiastically  dedicate  this  volume 
to  honor  Professor  Spicer's  many  scholarly  accomplishments  over  a  long  and  distinguished  career. 

The  present  conference  is  the  fourth  in  the  series  of  meetings  started  at  Argonne  (March  1991), 
followed  by  meetings  at  Sendai  (July  1992),  and  Santa  Fe  (March  1993).  As  a  reference  to  the 
proceedings  of  the  previous  meetings  (all  published  as  special  issues  of  the  Journal  of  Physics  and 
Chemistry  of  Solids)  will  show,  the  organizers  have  deliberately  expanded  the  technical  breadth 
of  the  program  of  these  meetings  over  the  years.  This  trend  has  continued  at  the  Stanford  meeting 
where  the  range  of  spectroscopies  represented  was  quite  extensive  indeed.  In  keeping  with  the  past 
tradition,  the  program  at  Stanford  also  possessed  a  strong  theoretical  component.  The  full  range  of 
theoretical  models,  from  the  weak  to  the  strong  coupling  scenarios,  were  discussed  with  focus  on 
how  various  models  stand  up  to  confrontation  with  experiment.  A  special,  "Critical  Issues"  evening 
session  provided  opportunities  for  lively  debate  on  wide  ranging  aspects  even  though  a  consensus 
with  regard  to  the  right  theoretical  model  for  the  cuprates  continues  to  be  elusive. 

The  international  character  of  this  series  of  conferences  has  grown  over  the  years.  At  Stanford, 
some  two  hundred  scientists  from  fourteen  coimtries  participated.  A  total  of  about  140  papers, 
invited  and  contributed,  were  presented  by  attendees  from  the  United  States,  Japan,  Canada, 
Germany,  Switzerland,  France,  The  Netherlands,  Sweden,  India,  Israel,  Argentina,  China,  Finland 
and  Russia.  The  conference  provided  a  forum  for  US  graduate  students,  postdocs,  and  young  faculty 
to  enjoy  interaction  with  the  international  community. 

Members  of  the  Organizing  Committee— Mac  Beasley,  Dan  Dessau,  Fred  Mueller,  and  Joe  Orenstein, 
deserve  a  special  note  of  thanks  for  the  success  of  the  Stanford  meeting.  Members  of  the  Program 
Committee— Elihu  Abrahams,  Ole  Andersen,  A1  Arko,  Mac  Beasley,  Dan  Dessau,  Bob  Dynes,  Miles 
Klein,  Cliff  Olson,  Doug  Scalapino,  and  Hiroshi  Katayama-Yoshida,  were  instrumental  in  putting 
together  a  most  stimulating  technical  program.  The  continuing  enthusiasm  and  moral  support  of 
Phil  Anderson,  Bob  Schrieffer,  and  other  members  of  the  International  Committee  have  been  a 
source  of  inspiration  for  this  series  of  meetings.  Bob  Schrieffer  was  especially  helpful  in  organizing 
and  chairing  the  exciting  Critical  Issues  evening  session. 

This  bi-annual  meeting  was  sponsored  primarily  by  the  Stanford  Synchrotron  Radiation 
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Laboratory;  we  are  deeply  indebted  to  Arthur  Bienenstock  for  his  strong  moral  support  and 
providing  funding  through  SSRL/DOE.  The  tradition  of  supporting  this  series  of  conferences  was 
continued  by  Argonne  National  Laboratory  through  George  Crabtree,  Material  Science  Division, 
and  the  Los  Alamos  National  Laboratory  through  Don  Parkin,  Center  for  Material  Science. 
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ON  THE  NATURE  OF  THE  ORDER  PARAMETER  IN  HTSC  AND  INFLUENCE  OF 

IMPURITIES 

A.  A.  ABRIKOSOV 

Materials  Science  Division,  Argonne  National  Laboratory,  9700  South  Cass  Ave.,  Argonne,  IL  60439,  U.S.A. 


Abstract — A  model  of  superconductivity  in  layered  high-temperature  superconducting  cuprates  is  proposed, 
based  on  the  extended  saddle  point  singularities  in  the  electron  spectrum,  weak  screening  of  the  Coulomb 
interaction  and  phonon-mediated  interaction  between  electrons  plus  a  small  short-range  repulsion  of  Hund’s 
or  spin-fluctuation  origin.  This  permits  to  explain  the  large  values  of  Tc,  features  of  the  isotope  effect, 
photoemission  results  for  the  gap  and  the  seemingly  conflicting  results  of  Josephson  experiments  in  various 
geometries.  The  influence  of  impurity  scattering  on  Tc,  the  order  parameter  at  T  =  0  and  the  density  of 
states,  including  the  energy  gap,  are  studied  for  the  same  model.  It  is  shown  that  the  suppression  of  the  gap 
in  the  vicinities  of  the  singularities  is  weak,  and  the  same  is  true  for  Tc.  Since  the  order  parameter  beyond 
the  singularity  is  still  defined  by  its  value  in  the  singular  region,  it  scales  with  this  value  and  varies  only 
slightly.  However,  the  energy  gap  in  this  region,  which  does  not  coincide  with  the  order  parameter,  varies 
rapidly  with  impurity  concentration,  and  the  gap  becomes  isotropic  in  the  strong  scattering  limit.  These 
conclusions  agree  with  preliminary  experimental  observations. 


The  origin  and  the  symmetry  of  the  order  parameter  in 
the  HTSC  have  become  the  hottest  topic  in  the  physics 
of  high-temperature  superconductors.  Unfortunately  only  a 
few  models  are  discussed,  namely  the  so  called  .y-pairing, 
when  the  order  parameter  has  no  nodes  along  the  Fermi 
surface,  and  the  so  called  ^/-pairing,  when  the  order  pa¬ 
rameter  in  the  fl/>-plane  is  believed  to  be  proportional  to 
coskx  -  cosky.  Actually  the  symmetry,  even  if  it  is  assumed 
tetragonal,  and  the  order  parameter  is  assumed  to  be  real 
(this  follows  from  time-reversal  symmetry),  requires  only 
that  at  a  nil  rotation  in  the  a/?-plane  it  either  does  not 
change,  or  changes  its  sign.  Symmetry  by  itself  does  not  tell 
us  how  many  nodes  must  exist  in  either  case,  or  whether 
the  formula  coskx  -  cosky  is  correct.  Therefore  the  only 
way  to  find  the  order  parameter  is  to  study  the  interaction 
between  electrons,  which  leads  to  pairing.  The  high  values 
of  Tc  and  absence  of  the  isotope  effect  in  YBCO(7)  led  to 
the  conclusion  that  this  interaction  cannot  be  mediated  by 
phonons.  However  the  experiments  by  the  groups  of  Franck 
and  Morris  [1,2]  showed  that  a  partial  substitution  of  Y 
by  Pr,  or  of  Ba  by  La  leads  to  the  increase  of  the  isotope 
effect  simultaneously  with  the  decrease  of  the  critical  tem¬ 
perature,  so  that  at  ~  40  K,  «  w  0.4(rc  oc  M“)  (Fig.  1). 
An  alternative  appears:  either  these  substituted  compounds 
have  a  different  mechanism  of  superconductivity  compared 
to  YBCO(7)  with  Tc  «  90  K,  or  the  mechanism  is  always 
phonons,  and  the  absence  of  the  isotope  effect  in  YBCO(7) 
is  due  to  something  else.  I  favor  the  last  option. 

Not  long  ago,  two  experimental  groups,  Campuzano  et  al 
from  Argonne  [3]  and  Shen  et  al  from  Stanford  [4],  investi¬ 
gating  angle  resolved  photoemission  spectra  (ARPES),  dis¬ 
covered  that  the  dependence  of  the  energy  of  quasiparticles 
on  their  momentum  €(kx,  ky)  (the  dependence  on  kz\s  weak 


Fig.  1.  Experimental  results  for  the  isotope  shift  (Oi6  Oig)  in 
partially  substituted  YBCO  (Y Pr,  and  Ba  La).  The  exponent 
«  in  Tc  oc  is  presented  as  function  of  Tc  together  with  the 
linear  regression. 


due  to  quasi-two-dimensionality)  has  flat  regions,  where  it 
does  not  depend  on  one  of  the  components,  so  that  the  spec¬ 
trum  becomes  quasi-one-dimensional  in  these  regions  (Fig. 
2).  This  was  first  discovered  in  YBCO(123),  YBCO(124), 
BiSCCO(2212),  and  appeared  also  in  band  structure  calcu¬ 
lations  by  several  groups,  particularly,  Freeman  et  al  [5], 
for  mercury  compounds.  Such  a  spectrum  was  called  “ex¬ 
tended  saddle  point  singularity”.  The  density  of  states  in  the 
vicinity  of  such  a  singularity  is  proportional  to  (e  -  eo)"^^^. 
If  the  Fermi  energy  is  close  to  eo,  this  enhancement  is  more 
than  sufficient  to  explain  the  high  values  of  Tc  assuming  the 
usual  strength  of  the  electron-phonon  interaction. 

The  second  feature  is  that  the  integral  entering  the  BCS 
equation 
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Fig.  2.  ARPES  result  for  the  dependence  of  quasiparticle  energy 
on  components  of  quasimomentum  in  the  vicinity  of  the  extended 
saddle  point  singularity. 


Fig.  3.  ARPES  result  on  the  dependence  of  the  superconducting 
energy  gap  on  the  momentum  at  the  Fermi  surface.  The  corre¬ 
spondence  is  established  by  numbers  at  the  plot  and  at  inserts. 


A(p)  =  J^(p,p')/[A(p')]dV/(2Tr)^  (1) 

which  is  logarithmically  divergent  if  the  density  of  states 
is  constant,  becomes  convergent,  and  in  case  ej?  -  eo  ^ 
coo,  coo  being  some  characteristic  phonon  frequency,  the 


ex.saddle  region 


P]  P  ^Singular  region 


Fig.  4.  Fermi  surface  with  a  singular  region  with  a  high  density 
of  states.  A  short  range  interaction  connects  any  point  with  the 
singular  region,  whereas  a  long  range  interaction  connects  only 
points  within  this  region. 


critical  temperature  does  not  depend  on  coo ,  and  hence  there 
is  no  isotope  effect.  The  BCS-type  formula  for  Tc  for  this 
case  has  the  form: 


7T 


(2) 


Most  important  here  is  the  appearance  of  ep  -  in  the 
exponent  and  in  the  prefactor  (I  will  not  explain  the  meaning 
of  other  notations  in  this  expression).  If  the  distance  €f  -  eo 
increases,  Tc  decreases,  and  gradually  coo  replaces  €f  — 
in  the  prefactor,  enhancing  the  isotope  effect  [6].  This  fits 
the  experimental  data. 

I  would  like  to  stress  that  the  usual  saddle  point  singular¬ 
ity,  extensively  studied  by  several  groups,  e.g.  Friedel,  Labbe, 
Bok,  Newns  and  Markievicz  (see  Ref  [7]  for  quotations) 
does  not  lead  to  such  consequences.  The  enhancement  of  Tc 
is  weak,  and  no  new  energy  scale  is  introduced  in  the  BCS 
integral,  so  that  the  absence  of  the  isotope  effect  cannot  be 
explained.  Therefore,  the  statement  that  the  fiat  regions  are 
equivalent  to  2D  van  Hove  singularities  is  wrong. 

Under  proper  assumptions  the  fiat  region  can  dominate 
in  the  total  density  of  states;  then,  however,  we  encounter 
another  puzzle.  The  ARPES  experiments  of  the  same  groups 
and  of  Onellion  et  al  group  in  Wisconsin  [8-10]  on  BiS- 
CCO(2212)  established  a  marked  anisotropy  of  the  energy 
gap  (in  the  BCS  theory  the  gap  corresponds  to  the  absolute 
value  of  the  order  parameter).  This  was  first  interpreted  in 
favor  of  ^/-pairing  but  more  precise  measurements  by  Cam- 
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puzano  and  his  colleagues  established  a  different  gap  behav¬ 
ior  with  more  nodes  (Fig.  3).  The  usual  belief  is  that  with 
phonon-mediated  interaction  no  anisotropy  of  the  order  pa¬ 
rameter  can  be  obtained,  even  if  the  energy  spectrum  of  the 
metal  is  anisotropic.  This  is  due  to  exchange  of  phonons 
with  high  momenta  which  effectively  connect  all  points  of 
the  Fermi  surface  in  the  DCS  equation  (1)  (see  Fig.  4). 

However,  this  is  true  for  good  metals  but  the  substances 
under  consideration,  according  to  numerous  experimen¬ 
tal  data,  are  intermediate  between  metals  and  ionic  crys¬ 
tals,  The  cross-over  between  these  two  limiting  cases  can 
be  imagined  as  the  change  of  the  Debye  screening  radius 
from  interatomic  distances  to  infinity,  and  the  HTSC  can 
be  viewed  as  substances  where  all  Coulomb -based  interac¬ 
tions  are  screened  at  large  distances.  This  refers  also  to  the 
electron  attraction  mediated  by  phonons,  since  it  is  due  to 
the  electron-ion  interaction.  Therefore  it  is  reasonable  to 
assume  this  interaction  in  the  form 


V{k)  =  g 


(jo^ik) 


(3) 


where  k  C  K  is  the  reciprocal  Debye  radius,  5  is  the  elec¬ 
tronic  energy,  and  K  the  reciprocal  lattice  period.  Since  dif¬ 
ferent  models  lead  to  different  powers  n,  we  will  simply 
assume  n  >  1.  Under  such  circumstances  the  exchange  of 
phonons  with  small  momenta  becomes  dominant,  and  we 
cannot  reach  the  singular  region  from  some  distant  place 
(Fig.  4)  without  decreasing  drastically  the  value  of  the  or¬ 
der  parameter.  Therefore  it  becomes  very  anisotropic,  and 
its  maxima  are  located  in  the  regions  with  the  maximal  den¬ 
sity  of  states  [11],  which  in  fact  is  observed  in  experiment. 
Moreover  the  values,  distant  from  the  singular  regions,  will 
be  defined  by  the  maximal  value,  the  connection  being  es¬ 
tablished  through  the  BCS  equation.  Therefore  the  critical 
temperature  is  defined  only  by  this  singular  region. 

In  a  purely  phonon  picture  there  can  be  no  changes  of 
sign  of  the  order  parameter,  and  this  is  in  contradiction 
to  many  reliable  experimental  data.  However,  apart  from 
phonons,  there  can  exist  interactions  of  some  other  origin. 
The  isotope  effect  tells  us  that  the  phonons  dominate.  There¬ 
fore  these  other  interactions  can  become  important  only  if 
their  nature  differs  substantially  from  the  phonon-mediated 
attraction.  We  will  assume  that  this  additional  interaction 
is  a  short-range  repulsion  coming  either  from  spin  fluctua¬ 
tions,  or  being  the  renormalized  repulsion  at  the  Cu  sites. 
Far  from  the  singular  regions,  where  the  influence  of  the 
phonon  attraction  is  damped  by  the  large  momentum  dif¬ 
ference,  the  short-range  repulsion  can  take  over.  The  order 
parameter  in  these  regions  will  be  defined,  as  before,  by  its 
value  in  the  singular  region  but  the  connection  will  have  a 
different  sign.  We  arrive  at  the  formula  [12] 


A(</))  2{n-l)Poy 


K^d 


K 

2po 


b 


where  Aj  is  the  order  parameter  in  the  singular  region, 
is  the  length  of  the  singularity,  d  is  the  period  in  the  c- 
direction,  po  is  the  radius  of  the  Fermi  surface,  which  we 
assume  cylindrical,  0  and  </)o  are  the  locations  of  singular¬ 
ities,  and  U  is  the  amplitude  of  the  short-range  repulsion, 
which  we  suppose  isotropic.  This  formula  is  valid  far  from 
the  singular  region.  A  simple  interpolation  permits  to  de¬ 
scribe  the  whole  Fermi  surface.  Figure  5  presents  the  plot 
for  some  specific  choice  of  constants.  The  absolute  value 
coincides  qualitatively  with  the  results  by  Campuzano  et  al 

[9]. 

The  region  with  a  negative  order  parameter  can  appear 
between  two  maxima.  For  BiSCCO,  where  the  deviation 
from  tetragonal  symmetry  is  small,  there  are  four  maxima 
displaced  by  Tr/2,  and  the  negative  regions  can  be  in  the 
vicinity  of  7r/4  (Fig.  6).  In  YBCO,  where  the  chains  destroy 
the  singularities  in  the  /^-direction,  there  are  only  two  max¬ 
ima  displaced  by  tt.  Therefore  in  the  latter  case  the  negative 
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Fig.  9.  The  Fermi  surfaces  in  YBa2Cu408. 


Fig.  8.  Polar  plot  representing  the  shape  of  A  in  the  t^-wave  theory. 


values  can  be  expected  in  the  ^^-direction  (Fig.  7),  which  fits 
the  Josephson-type  experiments  of  the  groups  of  Van  Har¬ 
lingen  [13]  and  Kirtley  and  Tsuei  [14].  On  the  other  hand, 
since  /  Ad</>  ^  0  (contrary  to  the  (i-paring),  there  should 
be  a  Josephson  current  in  the  c-direction,  as  it  follows  from 
experiments  by  the  group  of  Dynes  and  Maple  [15].  Figure 
8  represents,  for  comparison,  the  ^/-pairing  case. 

According  to  the  present  theory,  the  difference  between 
BiSCCO  and  YBCO  is  associated  with  the  orthorombicity 
of  the  electron  spectrum  of  the  latter  (see  Fig.  9),  which  is 
rather  strong,  contrary  to  the  difference  in  lattice  periods. 


2^  5  7,5  10  12.5  15  17.5 

Fig.  10.  The  minimal  gap  as  function  of  impurity  concentration: 
u  =  £’gmin/Ai,  R  =  1/2tiAi,  Ai  being  the  maximal  gap,  and 
l/n  the  scattering  probability  to  the  singular  region.  Here  a  = 
Amin/Ai,  where  Amin  is  the  minimal  value  of  the  order  parameter. 
In  the  case,  of  «  <  0,  the  minimal  gap  is  zero  up  to  a  certain 
impurity  concentration;  then  it  grows  up  to  the  maximal  value, 
and  the  gap  becomes  isotropic.  In  the  opposite  case  the  gap  starts 
from  a  finite  value. 

The  destruction  of  chains  by  oxygen  depletion  makes  the 
system  more  tetragonal,  and  the  order  parameter  has  to  be 
changed  into  something  closer  to  BiSCCO,  although  this 
change  can  happen  discontinuously  with  oxygen  concentra¬ 
tion. 

One  of  the  most  interesting  features  is  the  behavior  of  the 
order  parameter  with  increasing  impurity  concentration.  It 
can  be  shown  (Hirschfeld  et  al  [16])  that  in  case  of  ^/-pairing 
an  arbitrary  concentration  of  impirities  makes  the  substance 
gapless.  This  seems  to  contradict  the  photoemission  data, 
although  these  results  are  preliminary.  I  will  describe  what 
happens  in  the  present  model  [17].  First  of  all,  the  impurities 
are  most  likely  ionized,  and  hence  their  potential  acting  on 
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Fig.  1 1 .  The  density  of  states  as  function  of  energy  in  the  region 
of  energies,  small  compared  to  Ai.  Curve  a  corresponds  to  a  zero 
minimal  gap,  and  curve  to  a  finite  minimal  gap.  The  units  are 
defined  by  details  of  the  model. 


the  electrons  is  a  weakly  screened  Coulomb  potential,  which 
leads  to  small-angle  scattering.  It  is  easy  to  understand 
that  for  such  a  scattering  the  Anderson  theorem  is  correct, 
even  for  an  anisotropic  metal,  i.e.  scattering  does  not  affect 
thermodynamic  quantities. 

However,  even  such  impurities  also  give  a  large  angle 
scattering,  although  with  a  much  smaller  probability;  ad¬ 
ditionally,  there  can  exist  neutral  defects.  For  these  rea¬ 
sons  we  will  disregard  small-angle  scatterers  and  consider  a 
model  with  a  certain  concentration  of  isotropic  scatterers. 
The  technique  of  calculations  is  a  slight  modification  of  the 
one  used  by  Gor’kov  and  myself  for  superconductors  with 
magnetic  impurities  [18]. 

Here  one  has  to  take  into  account  that  the  scattering 
probability  is  proportional  to  the  density  of  the  final  states. 
In  order  to  produce  any  changes  in  the  singular  region  the 
electrons  have  to  be  scattered  out  of  this  region,  i.e.  to 
come  to  the  regions  with  much  smaller  density  of  states. 
On  the  other  hand  the  electrons  in  the  external  regions  can 
be  scattered  into  the  singular  region  having  a  high  density 
of  states.  Therefore  the  changes  in  the  singular  region  are 
likely  to  be  small,  whereas  the  changes  in  the  regions  of  the 
Fermi  surface,  corresponding  to  small  values  of  the  order 
parameter,  are  likely  to  be  much  larger. 

Since  the  critical  temperature  is  defined  by  the  vanishing 
of  the  maximal  order  parameter,  it  is  affected  rather  weakly. 
The  asymptotic  values  of  Tc  are 


Tc  ~ 


7d)  ~  Tr/(8To),  Ti  ^  Tco 
■_  rf'  » 


(4) 


where  is  the  small  probability  of  scattering  out  of  the 
singular  region,  Tf '  is  the  “large”  probability  of  scattering 
into  the  singular  region  y  =  1.78;  Tco  is  Tc  for  a  clean  metal. 

Rather  similar  formulas  describe  the  variation  of  the  or¬ 
der  parameter  at  the  maximum.  The  asymptotic  values  are 


Ai  «  j 


Ai(0)  -  1/(2to)  Ti‘<Ai(o) 
Ai(o)(eTiAi<o))''‘'^‘’,  Tf‘  »  Ai(o) 


(5) 


Comparing  the  limiting  formulas  (5)  and  (6)  we  obtain 
for  the  ratio  2Ai  I  Tc: 


+  (f^-i))(TAr‘ 

»  +  (0.3 .0,5)(Tor*)-',  «  1, 

7c0 

^  2Ai(0)  / 

Tc  TcO  \  TT  TcO  ) 

»  2^(2  7  ^  3)TI/T0^  (nr^)-'  «  1. 

icO 

We  see  that  this  ratio  grows  with  impurity  concentration 
and  then  saturates  (the  ratio  ti  /tq  is  constant). 

It  can  be  shown  that  the  maximal  value  defines  the  order 
parameter  at  any  place  of  the  Fermi  surface,  and  the  con¬ 
nection  is  given  by  eqn  (4)  at  any  temperature  and  impurity 
concentration.  This  means  that  the  order  parameter  over 
the  whole  Fermi  surface  keeps  its  shape  and  scales  with  the 
value  at  the  maximum.  In  particular,  the  nodes  remain  at 
the  same  locations. 

This  however  is  not  true  for  the  density  of  excited  states, 
and,  particularly,  for  the  gap  in  the  energy  spectrum.  The 
density  of  states  is  defined  by  the  formula 

=  (6) 

where  G^(p,  co)  is  the  retarded  Green  function.  Here  we 
obtain 

v(to)  _  j  f _ u[\  +  Q(u)]&4>IO.rt) _ 

J  {[A(c;.)/Ai  +  2(m)P-m2[1  +  Q(«)]2}i/2'- 

where 


^on  j  f 

TTdVQ 
u  =  co/Ai, 

Q{u)  =  [2tiAiV1  -«2]  *; 

Von  is  the  density  of  states  of  a  normal  metal  with  a  cylin¬ 
drical  Fermi  surface. 

From  this  formula  we  can  obtain  the  energy  gap  for  a 
given  (/).  The  limiting  formulas  for  the  energy  gap  Eg  far 
from  the  maximum  are:  in  the  case  if  (2ti)~^  <  Ai 


E,  =  A{<P)  +  (2ti)-\ 

£g  =  -A(<^)-(2T,)-‘  (8) 

The  latter  formula  applies  only  in  the  case,  if 
A(0)n3i„  <  -(2ti)-' 

and  only  for  those  values  of  0  which  give  positive  values  of 
Eg.  In  the  opposite  case,  (2ti)"^  »  Ai,  A(</>)  is  positive 
everywhere,  and  we  obtain 

£g«Ai[l-16T?(Ai-A(</>))2].  (9) 
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Fig.  12.  The  temperature  dependence  of  the  gap  in  BiSCCO  defined 
for  the  maximal  gap  and  for  the  gap  in  the  median  direction 
between  two  maxima.  The  theoretical  fit  is  defined  for  a  small  but 
finite  impurity  concentration. 


terpretation  of  tlie  ARPES  data  led  to  the  disappearance 
1  of  the  maximum  in  the  (tt,  it)  direction  at  Fig.  3.  This  cre¬ 
ated  the  possibility  of  an  order  parameter,  having  a  ^-wave 
0,8  symmetry  (but  not  the  shape  kl  -  kj  [20]).  A  criterion  was 
established  distinguishing  the  5f-wave  and  <i-wave  options.  It 
Q  g  was  shown  that  the  sign  change  of  the  order  parameter  is 
possible  only  within  the  d-W2ivc  option.  The  order  parame- 
.Q  4  ter,  plotted  at  Fig.  5,  does  not  correspond  to  the  minimal 
energy.  The  results  with  impurities  remain  correct  for  the 
Q  2  •s-wave  symmetry  where  the  order  parameter  never  changes 
its  sign. 
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The  results  are  plotted  in  Figs  10  and  11.  Figure  10  gives 
the  variation  of  the  minimal  gap  with  impurity  concentra¬ 
tion.  For  the  case,  when  the  order  parameter  changes  sign, 
the  minimal  gap  for  a  clean  substance  is  zero.  It  starts  to 
deviate  from  zero  at  a  certain  impurity  concentration  and 
gradually  approaches  the  absolute  value  of  the  maximal 
order  parameter,  i.e.  the  gap  becomes  isotropic.  The  same 
trend  exists  for  the  case,  when  the  sign  of  the  order  param¬ 
eter  does  not  change.  Then  the  minimal  gap  starts  from 
some  finite  value  and  grows  until  it  reaches  the  maximal 
value.  Figure  1 1  shows  the  plot  of  the  density  of  states  as 
function  of  energy  for  these  two  cases.  In  the  case,  when 
the  minimal  gap  is  zero,  the  variation  starts  linearly,  which 
leads  to  the  linear  variation  of  the  penetration  depth  with 
temperature  observed  by  the  group  of  Hardy  et  al.  . 

There  are  also  interesting  consequences  concerning  the 
variation  of  the  gap  at  various  angles  with  temperature  and 
impurity  concentration.  Onellion  et  al  [19]  measured  the 
gap  in  the  clean  and  impure  BiSCCO.  The  measurements 
were  done  at  the  maxima  and  in  the  middle  between  them.  A 
rapid  increase  of  the  latter  value  was  observed  with  impurity 
concentration  and  also  a  peculiar  temperature  dependence. 
Figure  12  presents  their  data  together  with  a  theoretical  fit. 

Note  added  in  proof.  Since  March  1995,  when  this  talk 
was  given,  several  new  results  were  obtained.  Revised  in- 
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Abstract — ^We  describe  the  LDA  band  structure  of  YBa2Cu307  in  the  ±2  eV  range  using  orbital  projections 
and  compare  with  YBa2Cu408.  Then,  the  high-energy  and  chain-related  degrees  of  freedom  are  integrated 
out  and  we  arrive  at  two,  nearest-neighbor,  orthogonal,  two-center,  8-band  Hamiltonians,  and  ,  for 
respectively  the  even  and  odd  bands  of  the  bi-layer.  Of  the  8  orbitals,  Cu^2_^2,  02^,  03^,  and  Cu^  have  cr 
character  and  Cn^z,  Cxxyz,  02^,  and  03;^  have  tt  character.  The  roles  of  the  Cu^  orbital,  which  has  some 
Cu322_i  character,  and  the  four  n  orbitals  are  as  follows:  Cuj  provides  2nd-  and  3rd-nearest-neighbor  (f' 
and  t")  intra-plane  hopping,  as  well  as  hopping  between  planes  (/x)-  The  rr-orbitals  are  responsible  for 
bifurcation  of  the  saddle-points  for  dimpled  planes.  The  4-(T-band  Hamiltonian  is  generic  for  flat  Cu02  planes 
and  we  use  it  for  analytical  studies.  The  k|] -dependence  is  expressed  as  one  on  m  =  (cos  bky  -I-  cosfl/:;c)  /2 

and  one  on  v  =  (^cos  bky  -  cos  akx)  /2.  The  latter  arises  solely  through  the  influence  of  Cuj.  The  reduction 
of  the  cr-Hamiltonian  to  3-  and  1-band  Hamiltonians  is  explicitly  discussed  and  we  point  out  that,  in 
addition  to  the  hoppings  commonly  included  in  many-body  calculations,  the  3-band  Hamiltonian  should 
include  hopping  between  all  2nd-nearest-neighbor  oxygens  and  that  the  1-band  Hamiltonian  should  include 
3rd-nearest-neighbor  hoppings.  We  calculate  the  single-particle  hopping  between  the  planes  of  a  bi-layer  and 

show  that  it  is  generically:  /x  (ky)  ~  0.25  eV-v^  (l  -  2ut' 1 .  The  hopping  through  insulating  spacers  such 
as  (BaO)Hg(BaO)  is  an  order  of  magnitude  smaller,  but  seems  to  have  the  same  k\\  -dependence.  We  show 
that  the  inclusion  of  t'  is  crucial  for  understanding  ARPES  for  the  anti-ferromagnetic  insulator  Sr2Cu02Cl2. 
Finally,  we  estimate  the  value  of  the  inter-plane  exchange  constant  J±  for  an  un-doped  bi-layer  in  mean- 
field  theory  using  different  single-particle  Hamiltonians,  the  LDA  for  YBa2Cu306,  the  eight-  and  four-band 
Hamiltonians,  as  well  as  an  analytical  calculation  for  the  latter.  We  conclude  that  J± - 20  meV. 


1.  INTRODUCTION 

For  the  HTSC  materials  practitioners  of  the  LDA  now  basi¬ 
cally  agree  about  their  results.  The  major  uncertainties  come 
from  the  compositional  and  structural  data  rather  than  from 
the  computational  techniques.  For  the  various  materials,  the 
energy  bands  originating  from  the  Cu02-planes  are  fairly 
similar,  merely  the  position  of  the  Fermi  level  changes. 

For  stoichiometric  HTSCs  such  as  YBa2Cu307  the  LDA 
has  been  successful  in  reproducing  or  predicting  normal- 
state  structural  and  phononic  properties  [1-3],  optical  exci¬ 
tation  spectra  at  high  energies  (hco  >  \  cY  for  metals,  hcjo  > 
3  eV  for  Mott-Hubbard  insulators)  [4],  and  /:z-averaged 
Fermi  surfaces  e  (k||)=0  for  the  metals  [5,3].  The  most  sur¬ 
prising  LDA  prediction  for  HTSC’s  with  dimpled  CuOa 
planes  (YBa2Cu307  [1,3],  YBa2Cu306.5  [6])  has  been  that  of 
bifurcated  saddle-points  close  to  the  Fermi  level.  Extended 
saddle-points  near  ep  were  subsequently  found  in  ARPES 
[7],  but  whether  these  are  related  to  the  bifurcated  LDA 
saddle-points  through  ’’Fermion  condensation”  [8],  or  are 
caused  by  anti-ferromagnetic  spin-fluctuations  [9,10],  or  are 
due  to  surface  effects  [11],  remains  to  be  seen.  The  LDA 
has  finally  provided  reasonable  estimates  of  the  electron- 
electron  (e.g.  (7(3^  d  ^  eV)  [12-14]  and  electron-phonon 
interactions  (e.g.  K-ph  1  and  softening  of  the  Raman- 
active  dimpling  modes  for  T  <  Tc)  [1,15,3,16].  Xe~ph  ^  1 
might  account  for  7^  <  40  K,  but  hardly  for  100  K. 


However,  the  LDA  band  structures  for  HTSCs  are  com¬ 
plicated,  rarely  interpreted,  not  accurate  -  or  even  relevant 
-  below  50  meV,  and  are  not  delivered  in  a  form  useful 
as  the  single-particle  term  of  a  correlated  model  Hamilto¬ 
nian  which  describes  the  low-energy  excitations.  As  a  result, 
most  theorists  neglect  the  LDA  band  structure,  or  at  least 
its  non-trivial  details,  and  use  the  simplest  possible  Cu-Cu 
one-band,  two-center,  orthogonal,  tight-binding  model  with 
hopping  integrals  t  and  t'  between  only  nearest  and  next- 
nearest  Cu  neighbors  (see  Eq.  (16)).  A  few  brave  theorists 
[10,9]  use  the  Emery  three-band  model. 

We  have  therefore  integrated  out  of  the  LDA  band  struc¬ 
ture  for  YBa2Cu307  the  high-energy  and  chain-related  de¬ 
grees  of  freedom.  In  a  first  step  we  used  the  LMTO  down¬ 
folding  technique  [17]  to  derive  a  two-dimensional,  nearest- 
neighbor,  two-center,  orthogonal,  tight-binding  Hamiltonian 
with  eight  orbitals  per  Cu02  plane  [18].  Of  these  eight  Cu02 
orbitals,  four  (CU;c2_3;2,  02;c,  03y,  and  Cu^)  have  cr  charac¬ 
ter  and  four  (Cux2,  Cu^z,  02^,  and  03^)  have  tt  character 
with  respect  to  the  plane.  Comparisons  with  full  LDA  bands 
calculated  for  other  structurally  well-characterized  HTSC 
materials  convinced  us,  that  this  eight-band  Hamiltonian  is 
generic  for  LDA  plane  bands. 

The  present  paper  starts  with  a  qualitative  descrip¬ 
tion  of  the  full  LDA  band  structure  for  YBa2Cu307  and 
YBa2Cu408  in  the  ±  2  eV  region  and  emphasizes  the 
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c/w/n-related  features.  Then  we  proceed  with  a  quantitative  description  of  the  plane  bands  by  means  of  the  eight-band 
Hamiltonian.  The  roles  of  the  Cu^  orbital,  which  possesses  some  Cu3,2_i  character,  and  the  four  rr-orbitals  are  specifically 
explained:  Cu^  provides  2nd-  and  3rd-nearest-neighbor  {t'  and  t" )  intra-plane  hopping,  as  well  as  hopping  between  planes 
(r j. ).  The  7T-orbitals  are  responsible  for  bifurcation  of  the  saddle-points.  We  explicitly  show  how  further  high-energy  degrees 
of  freedom  may  be  integrated  out.  The  four  cr -bands  are  studied  analytically.  Their  k|| -dependence  is  most  simply  expressed 
as  one  on  «  =  {cosbky  +  cosak^,)  12  and  one  on  v  s  {cosbky  -  cosak^)  /2,  where  the  latter  arises  solely  through  the 
influence  of  Cu^.  The  reduction  of  the  o' -band  Hamiltonian  to  the  commonly  used  3-  and  1  -band  Hamiltonians  is  explicitly 
discussed,  and  we  point  out  that,  to  be  consistent  with  the  LDA  bands,  the  former  should  include  hopping  between  all 
2nd-nearest-neighbor  oxygens  and  the  latter  should  include  3rd-nearest-neighbor  hopping.  As  a  first  simple  application, 
we  calculate  the  single-particle  hopping  between  the  planes  of  a  bilayer  and  show  that  it  is  generically  ty,  (kn)  ~  0.25 
eV-v^  (1  -  2ut'lt)~^ .  The  hopping  through  insulating  spacers  such  as  (BaO)Hg(BaO)  is  an  order  of  magnitude  smaller, 
but  seems  to  have  the  same  k|| -dependence.  These  hopping  integrals  are  relevant  for  c-axis  transport  and  their  squares 
enter  the  Inter-layer  Pair-Tunnelling  model  [19].  Then  we  show  that  the  inclusion  of  t'  is  crucial  for  understanding  ARPES 
[20]  for  the  anti-ferromagnetic  insulator  Sr2Cu02Cl2.  Finally,  we  estimate  the  value  of  the  inter-plane  exchange  constant 
Jy  for  a  non-doped  bi-layer  in  mean-field  theory  using  different  single-particle  Hamiltonians,  the  LDA  for  YBa2Cu306, 
the  eight-  and  four-band  Hamiltonians,  as  well  as  an  analytical  evaluation  for  the  latter.  We  conclude  that  Jy - 20  meV. 


2.  LDA  BAND  STRUCTURES  OF  YBaiCusO?  AND  YBa2Cii408. 

The  full  LDA  band  structure  for  YBa2Cu307  [3]  between  the  k||  points  (0,0),  (f,o),  (^,  f),  (o,  f),  (0,0),  and 
(^.  f )  is  shown  in  Fig.  1  for  A:,=0  (TXSYFS),  and  in  Fig.  2  for  k^  =  p  (ZURTZR).  Also  shown  are  the  cross-sections  of 
the  Fermi  surface  with  the  k^-0  and  j  planes.  Each  of  the  small  subfigures  gives  the  projection  onto  a  particular  O  p  or 
Cu  d  orbital:  The  radius  of  the  circle  around  the  e„  (ku) -point  is  proportional  to  the  weight  of  that  orbital  in  (p„  (k||). 
Note  that  Cu  and  O  orbitals  have  different  normalizations  in  the  figures  so  that  weights  cannot  be  compared  between 
copper  and  oxygen.  03  are  the  plane-oxygens  running  along  b,  which  is  the  direction  of  the  chain.  02  are  plane-oxygens 
along  a,  Cu2  are  plane  coppers,  04  apical-  and  01  chain-oxygens,  and  Cul  are  chain-coppers. 

The  FS  has  four  sheets  denoted  a,  b,  c,  and  s.  The  essential  wave  functions  for  the  a  and  b  sheets  are  respectively  the 
antibonding  (odd,  -)  and  bonding  (even,  -I-)  linear  combinations  for  the  bilayer  of  the  plane  pda  anti-bonding  orbitals 
(02,c-Cu2j:2_y!-03,,).  Essential  for  the  c  sheet  is  the  chain  pda  anti-bonding  orbital  made  from  01,,  and  the  pda  anti¬ 
bonding  dumbbell  orbital  {04,-Cii\,2.y2-04,).  Note  that  the  orbitals  denoted  in  the  figures  are  d^p.i  and  that  d^i^yS.  = 
{^y/2dyp.-i  -I-  d^i-p  )  /2.  The  orbitals  essential  for  the  s  sheet,  the  small  stick  pocket  along  SR,  are  two  out  of  the  of  the  three 
chain  pda  orbitals,  which  are  the  two  pda  anti-bonding  dumbbell  orbitals  (04;,— Cul xz— 04^  and  04,— Cul ,,2—04,,)  plus 
the  anti-bonding  linear  combination  of  OL  with  the  pda  bonding  dumbbell  orbital  04,— Cu  1,2—04,.  The  anti-bonding 
linear  combination  of  the  two  latter  orbitals,  which  both  involve  04,,  is  the  essential  wave  function  for  the  stick. 

If  the  one-electron  wave  functions  stay  coherent  from  chain  to  chain,  as  it  is  assumed  in  the  LDA  for  a  perfect  crystal, 
then  for  ^2=0  there  is  neither  hybridization  between  the  a  and  c  sheets,  nor  between  the  b  and  s  sheets.  Conversely,  for 
k,--  there  is  neither  hybridization  between  the  b  and  c  sheets  nor  between  the  a  and  s  sheets.  For  a  general  fcj,  all 
chain-plane  hybridizations  are  allowed  and  give  rise  to  a  A:2-dispersion  of  several  hundred  meV’s. 

The  Fermi  level  is  approximately  20  meV  above  the  odd  plane-band  saddle-points,  which  are  bifurcated  away  from  X 
and  Y  to  respectively  X±  jfX  and  Y±|rY.  Since  bja  r;  1.015  and  since  the  ratio  between  the  Cu2x2_,,2-03,  and  Cu2x2_,a- 
02x  hopping  integrals  scales  roughly  as  (bja)  ^ ,  we  expect  the  saddle-point  near  X  to  lie  more  than  100  meV  higher  than 
the  one  near  Y.  However,  the  calculated  energy  difference  is  only  10  meV.  The  reason  is  that  the  odd  plane  band  is  repelled 
along  FY  by  the  below-lying  chain  pda  stick  band  (04,  and  OL).  Furthermore,  the  hybridization  with  the  chain  pda 
band  for  k^*(i  makes  the  plane-band  saddle-points  three-dimensional:  The  saddle-point  related  to  (x  ±  |rX,  -15  meV) 

is  (U,  -1-80  meV)  and  the  one  related  to  (y  ±  |rY,  -25  meV)  is  (t  ±  jTT,  -300  meV)  .  From  the  figures  we  see  that  not 
only  the  odd,  but  also  the  even  plane  band  has  bifurcated  saddle-points,  but  these  are  about  0.5  eV  below  Cf . 

Whether  the  above-mentioned  kz-dispetsion  persists  in  real  YBa2Cu307  is  unclear:  In  the  double-ch&m  compound 
YBa2Cu408,  the  LDA  dispersion  is  an  order  of  magnitude  smaller  than  in  YBa2Cu307  because  single-electron  hopping 
through  a  double  chain  is  frustrated  by  the  fact  that  01  in  one  chain  plays  the  role  of  04  for  the  other,  and  yet,  the 
physical  properties  of  the  two  compounds  are  quite  similar. 

In  YBa2Cu408  the  LDA  saddle-points  of  the  odd  plane  band  are  (X±5rX,  -20  meV),  (U,  0  meV),  (YljTY,  -160 
meV)  and  (T,  -180  meV).  The  difference  between  the  energies  near  X  and  Y  is  thus  as  expected  when  the  chain-plane 
hybridization  is  small  and  bja  ^  1.013.  The  even-odd  splitting  of  the  plane  bands  caused  by  hopping  across  the  double¬ 
layer  is  ~0.5  eV  near  X  or  Y,  exactly  as  in  YBa2Cu307. 
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3.  8-BAND  HAMILTONIAN 

The  chain  degrees  of  freedom  have  low  energy,  but  they  are  not  generic  because  not  all  HTCS’s  have  chains.  In  order 
to  derive  a  generic  low-energy  few-band  Hamiltonian  for  the  planes,  we  have  therefore  downfolded  the  LDA  multi-band 
Hamiltonian  for  YBa2Cu307  and  to  a  two-center,  orthogonal,  tight-binding  Hamiltonian  (ky )  with  eight  odd 
bilayer  orbitals  interacting  through  nearest-neighbor  hopping.  Similarly,  we  have  downfolded  the  LDA  Hamiltonian  for 
kz-^  to  an  eight-band  Hamiltonian  (ky)  for  the  even  bilayer  orbitals  [18].  Over  a  range  of  ±1  eV,  and 
accurately  describe  the  odd  and  even  plane  bands,  respectively,  as  they  are  seen  in  Figs.  1  and  2.  The  weak  hybridization 
with  the  chain  pdn  bands  has  not  been  removed  from,  but  is  folded  into  these  8-band  Hamiltonians. 

The  downfolding  consisted  of  first  integrating  out  all  degrees  of  freedom  with  very  high  energies  (e.g.  Ba  spdf,  Y 
spdf,  Cu  p,  O  sd).  This  was  done  using  the  LMTO  downfolding  procedure  (see  also  Sect.  4).  Thereafter,  all  remaining 
orbitals  other  than  the  eight  odd  (even)  plane  oxygen  and  copper  orbitals  specified  in  the  Introduction  were  deleted  from 
the  downfolded  LMTO  basis,  and  the  odd  (even)  plane  bands  were  recalculated.  These  eight-LMTO  bands  accurately 
reproduced  the  corresponding  full  LDA  plane  bands  over  a  ±2  eV  range.  Finally,  the  non-orthogonality  and  long  range  of 
the  eight  odd  (even)  orbitals  were  transformed  away  by  fitting  the  bands  in  the  ±  1  eV  range  to  an  orthogonal,  two-center, 
nearest-neighbor,  tight-binding  Hamiltonian  which  then,  is  the  one  desired. 

The  reason  for  keeping  in  the  Hamiltonian  particularly  those  eight  orbitals,  is  that  these  orbitals  are  the  ones  which  after 
orthogonalization  describe  the  LDA  plane-bands  accurately  over  a  ±  1  eV  range  with  nearest-neighbor  hoppings  only,  that 
is,  with  the  minimal  number  of  parameters.  The  8-band  Hamiltonian  is  thus  the  one  which  is  ’’chemically”  meaningful 
and  sufficiently  simple  that  further  degrees  of  freedom  may  be  integrated  out  analytically,  as  we  shall  demonstrate  in  the 
following  section. 

By  transforming  from  orbitals  even  and  odd  with  respect  to  the  yttrium  mid-plane  of  the  bilayer  to  orbitals  centered 
on  a  specific  plane,  one  obtains  a  single-plane  Hamiltonian,  (ky) ,  plus  integrals  for  hopping  between  the  two  planes 
of  the  bilayer. 

Fig.  3  now  synthesizes  the  eight  plane-bands  and  gives  the  most  significant  parameters  of  (tetragonal  averages  are 
for  instance  taken).  Ref.  [18]  provides  the  accurate  values  of  all  the  matrix  elements,  as  well  as  the  detailed  expressions, 
and  the  comparison  with  the  full  LDA  bands.  The  inter-plane  hopping  will  be  discussed  separately  in  Sect.  8. 

Shown  in  the  bottom  left-hand  panel  of  Fig.  3  are  the  four  cr-orbitals  looked  upon  from  above  the  plane,  |>')  =  03^, 
\d)  =  Culx2-yX,  |x>  =  02;c,  and  \s)  =  Cu2s.  Below,  we  see,  from  the  edge  of  the  plane,  the  \d)  orbital  and  two  of  the 
TT-orbitals,  |z>  =  02^  and  \xz)  =  Cu2xz.  The  orbital  energies  are  given  at  the  relevant  points  of  the  band  structure  shown 
in  the  left-hand  panel,  in  eV  and  with  respect  to  the  energy  of  the  Culxi-jp.  orbital.  Hence,  €x=€y  =  ep  is  0.9  6V  below 
€d,  and  Cs  is  6.5  eV  above.  Moreover,  ^02z^^03z  =  above  q,  and  €xz-^yz  is  1  eV  below.  If  we  now,  as  shown 

in  the  figures  at  the  bottom,  include  the  pda  hopping  integrals  txd-tyd  =  tpd  =  1.6  eV  and  the  pdir  hopping  integrals 
tz,xz=tz.yz  =  0.1  eV,  we  obtain  the  band  structure  shown  in  the  panel  above:  The  cr-orbitals  give  rise  to  a  bonding,  a 
non-bonding,  and  an  anti-bonding  02jc~CU;,.2__^-03y  band  plus  a  Cuj  level  (full  lines),  and  the  TT-orbitals  give  rise  to 
two  decoupled  pairs  of  bonding  anti-bonding  bands  which  disperse  in  either  the  x  or  y  direction  (stippled  lines).  The 
anti-bonding  pda  band,  which  will  develop  into  the  conduction  band,  has  saddle-points  at  X  (and  Y)  which  are  well 
above  the  top  of  the  rr-bands,  and  which  are  isotropic  in  the  sense,  that  the  absolute  values  of  the  band  masses  in  the  x 
and  y  directions  are  equal.  This  means  that  the  FS  at  half-filling  is  a  square  with  corners  at  X  and  Y. 

In  the  middle  panel,  the  cr  and  tt  bands  remain  decoupled,  but  we  have  introduced  the  Cuj-02x  and  Cuj-03y  hoppings 
(tsp  =  2.3  eV),  as  well  as  the  tiny  03^-02^  hopping  (tzz  =  0.06  eV).  The  latter  is  the  only  one  reaching  beyond  nearest 
neighbors  and  it  merely  lifts  a  degeneracy  of  the  anti-bonding  7T-bands  at  T  The  strong  coupling  of  the  remote  Cu^  orbital 
to  the  pda  orbitals  has  the  pronounced  effect  of  depressing  the  conduction  band  near  the  saddle-points  at  X  and  Y,  and 
thereby  increasing  the  mass  towards  F  and  decreasing  it  towards  S  (tt,  tt)  .  The  FS  passing  through  X  and  Y  will  therefore 
correspond  to  finite  hole-doping  and  will  bulge  towards  F  (see  the  left-hand  panel  of  Fig.  7).  That  the  Cu^  orbital,  which 
has  the  azimuthal  quantum  number  mz=0,  may  mix  with  the  conduction  band  at  X  (and  Y),  but  not  at  jFS  ( f,  y) .  can 
be  seen  from  the  symmetries  of  the  corresponding  two  anti-bonding  pda  wave  functions  shown  schematically  in  Fig.  4. 
That  there  is,  in  fact,  substantial  by-mixing  of  Cu^  character  in  the  full  LDA  wave  function  at  X,  but  none  at  |FS,  is  proved 
by  the  |(//  (r)|^ -con tours  shown  in  respectively  the  left  and  right-hand  parts  of  Fig.  5.  The  by-mixing  of  Cu322_i  character 
(which  also  has  1^2= 0-symmetry)  to  the  so-called  Cu^  orbital,  is  seen  to  be  small.  The  net  downwards  shift  of  the  saddle- 
point  energy  is  the  result  of  down-pushing  by  pure  Cu^  and  weak  up-pushing  by  pure  Cu3^2_i,  whose  energy  is  below  the 
saddle-point.  In  Sect.  6  we  shall  give  analytical  descriptions  of  the  conduction  band  in  this  d pa -spa  approximation. 

As  a  result  of  the  hybridization  with  the  CU5  orbital,  the  saddle-points  of  the  anti-bonding  cr-band  straddle  off  the  top 
of  the  appropriate  7T-band,  so  that  even  a  weak  dimple  or  buckle  of  the  planes  will  introduce  noticeable  hybridization 
between  the  a  and  tt  bands.  This  is  seen  in  the  right-hand  panel  where  we  have  turned  on  the  weak  CxXxi-yi-Olz  and 
C\Xx2.yi~03z  hoppings  {tzd  =  0.24  eV  oc  sin  5).  These  couplings  become  allowed  when  there  is  a  finite  angle  5  («  T 
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Fig.  3.  Specification  of  the  8-band  Hamiltonian  and  synthesis  of  its  band  structure.  All  energies  are  in  eV.  See  text. 


Fig.  4.  02x-CU;c2_^-03^  conduction-band  states  at  k  =  (7,0)  and  schematic. 


in  YBa2Cu307  and  YBa2Cu408)  between  the  Cu»0  bond  and  the  plane  of  the  2D-translations.  Since  the  anti-bonding 
pdcr  and  C\Xxz--01z  pdrx  orbitals  can  only  hybridize  between  T  and  X,  but  not  at  X,  the  a-TX  hybridization  makes  the 
saddle-point  bifurcate  away  from  X. 

In  conclusion,  the  chemical  eight-band  Hamiltonian  (k|| ) ,  whose  eigenvalues  give  the  one-electron  bands  for  a  single 
plane,  has  the  cr-block: 
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Fig.  6.  Non-magnetic  and  anti-ferromagnetic  Brillouin  zones  and  relation  between  the  {kx,  ky^  and  [u,  v]  coordinate  systems.  Right: 
Energy  bands  from  the  4-band  Hamiltonian  in  the  presence  of  anti-ferromagnetically  staggered  fields  acting  on  the  orbital 

and  of  strengths  ±1,  ±2,  and  ±3  eV. 


(1) 


the  7T-block: 


<7T  \H\  n) 

|02  z) 

103  z) 

1  Cu2  xz) 

1  Cu2  yz) 

(02  z| 

ez 

-At^^co%-kxCO%  -ky 

2h,xz  sin  -kx 

0 

<03  zt 

-4t zz  cos  -  kx  cos -ky 

ez 

0 

2tz,xz  sin  2  ky 

(Cu2  xz\ 

2tz,xz  sin  ^kx 

0 

exz 

0 

(Cu2  yz  1 

0 

2tz,xz  sin  2^y 

0 

exz 

and  the  block  mixing  the  c  and  it  orbitals  for  dimpled  planes: 
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(ct  \H\  n) 

102  z> 

103  z) 

|Cu2  xz) 

\C\xlyz) 

{Cud\ 

It^dCOi-k^ 

-Itzd  cos -ky 

0 

0 

(Cuil 

0 

0 

0 

0 

(02x1 

0 

0 

0 

0 

(03;.  1 

0 

0 

0 

0 

4.  INTEGRATING  OUT  HIGH-ENERGY  DEGREES  OF  FREEDOM 

In  deriving  the  8-band  Hamiltonian  from  the  LDA  we  have  numerically  integrated  out  many  high-energy  degrees  of 
freedom.  In  the  following,  we  shall  integrate  out  further  high-energy  degrees  of  freedom  starting  from  H%  or  {a\H  \  a}. 
We  now  explain  the  Lowdin  procedure: 

Partitioning  an  orthonormal  basis  into  |/>  and  |y) ,  and  down-folding  the  -block  yields: 

Hw  (e)  =  Hn’  -  X  H^j  [  {HJJ  -  e)  -'  ]  ^ Hf,' .  (2) 

Jf 

This  is  exact  in  the  sense  that  det[/r  -  e]  and  det  [/f"  (e)  -  c]  have  identical  zeroes,  namely  the  eigenvalues  of  H.  If 
we  now  Taylor-expand  the  down-folded  Hamiltonian  about  Cf'  (e)  -  //'"  (£/•)  +  (e  “  €f)H‘^  (ei?)  + we  see  that  the 
energy  dependence  of  the  down-folded  Hamiltonian  to  linear  order  arises  from  non-orthogonality  of  the  modified  i-basis, 
the  overlap  matrix  being  1  -  (er)-  The  higher-order  energy  dependence  of  (e)  originates  from  energy  dependence 

of  the  basis.  The  latter,  and  sometimes  even  the  former  energy  dependencies  can  be  neglected  if  the  degrees  of  freedom 
to  be  integrated  out  have  high  energy,  that  is,  if  the  energy  range  of  interest  lies  far  away  from  the  eigenvalues  of 
An  orthonormal  low-energy  Hamiltonian  3~[  may  be  obtained  by  orthogonalization  of  the  modified  /-basis,  whose  energy 
dependence  has  been  neglected,  e.g. 

+  [1  -  H«  (Cf  )]'^  [H“  (er)  -  er]  [1  -  H“  (Cf  )]“^  (3) 

5.  3-BAND  HAMILTONIAN 

A  popular  tight-binding  Hamiltonian  for  flat  planes  is  the  3-band  Emery  model.  This  is  like  {(t\H  la)  in  (1),  but 
without  the  Cu^  orbital,  with  a  renormalized  oxygen  energy  (cp  ,  and  with  2nd-nearest-neighbor  02;c-03^  hopping. 

Projecting  the  Cu^  orbital  out  of  {or|  /f  |or)  by  means  of  (2)  reveals  that  the  values  of  Cd  and  tpd  are  unchanged,  but 
that  2nd-nearest-neighbor  02;c-03^  as  well  as  3rd-nearest-neighbor  02;c-02;c  and  03_y-03^  hoppings,  all  of  size  tpp  — 
lip!  ~  1-1  eV,  must  be  added.  Moreover,  Cp  must  be  renormalized  to  Cp  =  €p  -  2tpp  Sd  “  3.0  eV  which  is,  in 

fact,  the  standard  value.  All  of  this  comes  about,  because  the  Cuj  character  (see  Fig.  5)  is  now  built  into  the  tails  of  the 
neighboring  02;^  and  03^  orbitals. 

According  to  the  LDA,  the  Emery  model  should  thus  be  modified  to 


Hi 

\Cvid) 

102  x> 

\03y) 

(CurfI 

€d 

Itpd  sin  -fc;, 

/<*  •  ^  » 

-2tpd  sm  -ky 

(02x1 

Itpd  sm  -kx 

-1-  Itpp  cos  akx 

-4tpp&m^kxsm^ky 

{03y\ 

a 

-ltpdivci-;^ky 

-4r^psm  -kxsm  -ky 

e'p  +  2tpp  cos  aky 

Here  we  have  neglected  the  non-orthogonality  and,  for  the  numerical  values,  we  have  taken  the  expansion  energy, 
ep  -  €  (X)  w  +  1. 53  eV.  As  long  as  e  -  ^  ^  5  eV,  this  is  a  good  approximation.  Orthogonalization  by  means 

of  (3)  would  have  introduced  longer-range  hoppings. 

6.  THEO--BAND 

In  order  to  derive  accurate  and  transparent  expressions  for  the  flat-plane  cr-bands  (k||),  or  their  constant-energy 
surfaces,  we  return  to  the  4-band  Hamiltonian  {a\H\a)  in  (1)  and  first  Lowdin  down-fold  (2)  the  oxygen  orbitals.  The 
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H4-inodel 


HS-model 


M 


Fig.  7.  Contours  of  constant  U  (k)  =  ^  [e“  (k)  -  (k)]  calculated  for  the  4-  and  8-band  models.  The  heavy  lines  give  the  odd 

constant  energy  surfaces  passing  through  the  saddle-points,  as  well  as  the  two  neighboring  contours  corresponding  to  the  energies 

±100  meV  from  the  saddle-point. 


result  is  the  following  energy-dependent  spa-dpa  Hamiltonian: 


HsAe) 

|Cu  d,  e) 

|Cu5,  e) 

<Cu^/,et 

erf  +  (1  -  tt)  {2tpdf  /  (e  -  €p) 

“  V  i^tpd)  {2ts^  /  (^  ^p') 

<Cu^,  e| 

—  V  (2tpd'}  {2tsp)  /  (^  “  ^p) 

€,  +  (!-«)  {lhpfl{e-ep) 

(5) 


where  we  have  defined  the  new  kii  -coordinates: 


M  =  “  {cos  aky  +  cos  akx)  and  v  =  ^  (cos^A:^  -  cos  akx) , 
2,  ^ 


(6) 


both  limited  to  the  range  from  —1  to  +1  and  sketched  in  the  left-hand  side  of  Fig.  6.  The  origin  of  the  i/v-system  is 
at  |rS  and  corresponding  values  of  {kx,ky)  and  [m,  v]  are:  |rS  [0,0],  o)  [0, 1],  F  (0,0)  [1.0],  and  S 

[-1, 0] .  Readers  used  to  think  about  pairing  and  gap  symmetries,  will  recognize  u  as  5-  and  v  as  ^-wave  symmetry. 
The  relation  to  the  kjj -coordinates  x  and  y  used  in  Ref  [18]  is:  1  -  w  =  x  +  y  and  v  =  x  -  y. 

The  ^^/-Hamiltonian  (5)  highlights  the  k[| -dependence  of  the  LDA  cr-bands  for  a  flat  Cu02  plane  as  follows:  Without 
^-mixing,  the  bands  depend  only  on  u  (the  saddle-points  are  isotropic,  the  FS  for  half  filling  is  the  square:  w  =  0,  etc.) 
and  the  mixing  element  is  proportional  to  v. 

Further  Lowdin  down-folding,  this  time  of  the  spa-h\ock,  yields  the  following  energy-dependent  1-band  Hamiltonian: 


^(€)  =  Q  + 


{2h,y 

e-Cn 


1  -tt- 


v2 


\  +  s{e)  -  u 


(7) 
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which  is  still  equivalent  with  {a\H\a) .  When  there  is  no  mixing  with  Cu  5,  that  is  when  tsp  =  0,  5  (£)  -*  00  so  that  the 
term  proportional  to  vanishes.  The  quadratic  ^/^cr-scattering  function 


j  (e)  =  (e,  -  e)  (e  -  e^)/  (8) 

is  fairly  constant  in  the  neighborhood  of  e  =  (e^  +  Cp)  /2  »  2.8  eV,  where  it  takes  its  maximum  value  [(cj  -  €p)  l^tspf  « 
0.65.  For  instance  is  5  (1.5  eV)  «  0.57. 

The  most  elegant  way  of  expressing  the  eigenvalues  of  (o-|  JY  |or>  is  as  the  roots  of  the  secular  equation, 


e-e 


{2tp,Y 


£-  - 


=  1  -tt- 


1  +  5(€)  *-  M 


d{e)  =0, 


(9) 


because  from  its  definition, 


d  (e)  =  (e  -  erf)  (e  -  e^)/  {Itpdf  (10) 

is  a  quadratic  function  of  energy  which  depends  only  on  the  dpcr  scattering.  For  (9)  to  vanish,  we  see  that  d  (e)  must 
increase  from  0  to  2  in  the  region  of  the  conduction  band  because  s  (e)  is  positive  and  because  the  bottom  of  the  band 
is  at  r  and  the  top  is  at  S.  For  a  given  energy,  e,  we  calculate  the  values  of  s  (e)  and  d  (e)  from  (8)  and  (10),  whereafter 
the  requirement  that  (9)  be  zero  gives  the  exact  constant-energy  surface.  For  a  given  k\\,  on  the  other  hand,  we  can  not 
give  an  exact,  explicit  expression  for  the  four  eigenvalues,  €„  (k||),  but  near  the  middle  of  the  conduction  band  we  may 
exploit  the  near-constancy  of  5(e)  and  are  then  led  by  (10)  and  (9)  to  solve  the  following  equation: 


(11) 


iteratively  [i.e.  e  (k)  e] .  For  ease  of  notation,  we  have  dropped  the  subscript  ||  on  k||,  and  we  shall  do  so  from  now  on. 

With  the  parameter-values  from  Fig.  3,  we  easily  obtain:  e  (X)  =  e  (w=0,  v=l)  «  1.53  eV  and  e  (jrs)  =  e  (w=0,  v=0)  « 
2.78  eV.  The  Cu^  level  thus  pushes  the  saddle-point  down  by  1 .25  eV.  The  energy  of  the  bottom  of  the  conduction  band, 
e  (F)  =  e  {w=l,v=0)  =  max(ep,  e^)  =  0,  and  of  its  top,  e  (S)  =  e  (m=-1,v=0)  w  4,10  eV,  are  independent  of  s. 

The  Cu^,  Cuj,  and  (02+03)  characters  of  the  conduction-band  wave  function  are  most  easily  obtained  as  the  respec¬ 
tive  derivatives  de  (k)  IdCd,  de  (k)  /dCp,  and  de  (k)  Ides.  This  follows  from  Ist-order  perturbation  theory.  By  differentiation 
of  (9)  and  making  use  of 


we  obtain  the  simple  results: 


die)  =2 


He)  =  2 


€-{ep  +  6rf)  12 

(2tpdY 

{cp  +  e,)  /2  -  e 

{2tspY 


and 


(12) 


and 


1 

2  e  -  {ep-\-  ed)  /2 


He) 

</(£)  [l+j(e)-Mf 


(13) 


C,  (e, k)  ^  ^  f  tjA^ 

Crf(e,k)  \tsp)  [l+j(e)-tt]^ 


(14) 


and  I  (e,  k)  I  ^  -  1  -  \cs  (e,  k) |^  -  |crf  (e,  k) P .  The  Curf  character  is  seen  to  be  ~  j  [  1  - '  when  the  energy  is  far  away 
from  Cp  ~  €rf.  Moreover,  the  variation  of  Cu  d  character  along  a  constant-energy  surface,  e.g.  the  FS,  becomes  negligible 
when 


He) 

e  -  (€p  +  €^)  /2 

die) 

W) 

e  -  (e^  -I-  Crf)  12 

«0.48 


e-2.8eV 
e  +  0.45  eV 


(15) 


and  vanishes  for  the  energy  midway  between  the  O^,  and  Cu^  energies.  With  our  parameter- values  and  for  e=1.53  eV, 
5/^/  «  0.31,  whereas  for  €=2.78,  s/d  =  0.  In  the  following,  we  shall  often  neglect  5,  and  when  this  can  be  done,  the  Cu^ 
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character  is  independent  of  k  and  slightly  larger  than  0.5.  The  Cu,  character  is  proportional  to  and,  with  our  values 
of  the  hopping  integrals  and  our  j-value,  \c,  {e,  k)  ~  0. 12v^  (1  -  0.6«)  ^ ,  that  is,  at  X  there  is  61%  Cuj,  12%  Cu„  and 
27%  Olx  character. 


7,  1-BAND  HAMILTONIANS 


The  1 -band  Hamiltonian  for  an  orbital  which  is  orthogonal  to  itself  when  displaced  by  a  lattice  translation,  i.e.  for  a 
Wannier  function,  has  the  k-dependence  of  a  Fourier  series: 

5/  (k,j)  =  (e)  -  It  {co^akx  +  cosaky)  cosakxcosaky  -  If  {coslak^  +  coslaky) 

{cx>s  akx  cos  laky  +  cos  aky  cos  lakx)  +  coslakxcoslaky  —  if^  (cos3akx  +  cos3aky) 

+...  -  if^  {cos4akx  -{-  coslaky)  +  ... 

with  being  the  hopping  integral  between  (n  +  l)st  nearest  neighbors  and  (e>  being  the  average  energy  of  the  band. 

The  conduction  band  shown  in  the  right-hand  panel  of  Fig,  3,  which  is  given  by  the  8-band  Hamiltonian  for  a  plane 
dimpled  by  1°,  is  well  separated  from  all  other  bands,  and  this  band  is  sufficiently  smooth  that  its  Fourier  series  converges 
at  a  reasonable  pace.  The  results  obtained  numerically  by  diagonalizing  //g  and  (with  the  parameters  given  in  Ref. 
[18])  and  subsequent  Fourier  transformation  of  the  odd  and  even  conduction  bands  are  given  in  the  first  two  rows  of  the 
following  table: 


(c) 

t' 

t" 

,(3) 

,(4) 

;(5) 

,(9) 

Hi  (k)/meV 

140 

349 

96 

62 

18 

1 

10 

1 

Hi  {k)/meV 

-140 

422 

113 

no 

20 

5 

32 

11 

f  (k)  X 

1 

4 

iKl.i.-) 

16 

— 

16 

16 

— 

32 

The  corresponding  even  and  odd  Wannier  orbitals  must  have  fairly  long  range,  llie  zero  ot  energy  m  me  laoie  is  ai 
the  average  of  the  even  and  odd  bands.  The  splitting  between  these  bands  will  be  discussed  in  Sect.  8. 

With  decreasing  dimpling,  the  convergence  of  the  Fourier  series  (16)  of  the  entire  conduction  band  deteriorates  even 
further.  Reasons  are  the  near-crossing  of  the  a  and  rr-bands,  and  the  near-cusp  of  the  o--band  at  F.  The  latter  can  be 
seen  in  the  middle  panel  of  Fig.  3  and  is  caused  by  the  near  degeneracy  of  and  €p.  For  the  pure  cr-band,  a  more  useful 
low-energy  Hamiltonian  is  therefore  obtained  by  Fourier  transformation,  not  of  the  entire  anti-bonding  band,  but  merely 
of  the  part  near  Cf-  We  shall  now  give  a  simple,  analytical  derivation  of  such  a  low-energy  a-band  Hamiltonian.  The 
result  is  given  in  the  last  row  of  the  table  with  r  =  1/  [2  (1  +  .y)].  This  Hamiltonian,  f  (k) ,  reproduces  the  a  conduction 
band  to  linear  order  in  e  -  Cf  and  Eq.  (22)  below  gives  the  second-order  correction. 

Let  us  start  with  the  remark,  that  Eq.  (1 1)  with  s(e)^s  {€f)  is  in  fact  a  highly  accurate  1-band  Hamiltonian  for  the  a 
conduction  band;  it  even  describes  the  cusp  behavior  near  T  where  [u,  v]  ~  [1, 0].  However,  (11)  is  not  an  orthonormal  1- 
band  Hamiltonian  (16),  because  such  a  Hamiltonian  must  depend  analytically  on  u  and  v.  To  obtain  a  1-band  Hamiltonian 
analytical  in  u  and  v,  we  first  expand  ^/(e)  and  s(e)  around  €/r.  If  we  only  go  to  first  order,  we  can  solve  Eq.  (9)  and 
obtain  for  the  Ist-order  estimate: 


f(k) 


^  \  i  t 

€f  \  \  ~  d  —  U  —  r— ;  I  d  —  .J-rj  |  ~ 

li-  s-u  J  I  [1+s-m] 

f^€F-^  d~^\\  -  d-u-  2rv^  |l  +  2rM+  (Iruf  +•••}]• 


(17) 

(18) 


Note  the  difference  between  f  and  e.  Here,  d  =  d  (Cf)  ,  d  =  d  (ef)  ,  s  =  s  {Ef)  ,  r  =  1/[2(1  +5)]  and  s  —  s  (Ef )  •  As  an 
alternative  to  (12)  we  may  use: 

_ 


^^d  +  [(fp  -  ^d)  I4tpd\ 


tpd 

4d- 


(19) 


In  (18)  we  have  neglected  s  =  s  (ef)  £ind  expanded  1/  (1  +  5  —  w)  for  small  w.  Substitution  of  the  cosines  (6)  for  u  and  v 
and  comparing  terms  with  (16)  yields  the  hopping  integrals  listed  in  the  last  row  of  the  table  given  above.  Here  the  zero 
of  energy  is  taken  at  the  average  band  energy 
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(e>  =  €;■ -I- j^l  -  d  -  ^r(l -I- |r^)j 

1/2  /'  t"  1 

r  =  7“ —  w  0. 32,  so  that  —  »  /•  and  —  « 

1+5  t  t'  1 


(20) 


(21) 


For  a  fiat  plane  and  without  5-hybridization  (/•=0),  the  1-band  Ist-order  Hamiltonian  £(k)  only  has  nearest  neighbor 
interactions.  For  realistic  5-values,  hopping  to  second  and  third  neighbors  must  be  included,  but  farther  hoppings  can  be 
neglected.  In  previous  many-body  calculations,  t'  was  often  neglected,  but  when  it  was  included,  t'  -  0.3/  was  in  fact  a 
standard  value,  t"  has  sofar  been  neglected. 

Had  we  kept  sjd  to  lowest  order,  we  should  have  added  to  the  coefficient  of  2rv^  in  (18)  the  term  2r(l  -  </  -  u)sld. 
Moreover,  r  in  the  table  and  in  (20)  should  be  substituted  by  /  =  r  [l  -  2/-(l  -  d)5/d] . 

As  an  example,  let  us  take  €f  at  the  saddle-point,  [«,  v]  =  [0, 1],  then  €f  «  1.53  eV,  as  found  from  (11),  r  «  0.32  from 
(21),  d  =  1  —  2r  w  0.363  from  (9),  w  2.64  eV,  from  (19),  2r  (1  —  d)  s/d  w  0. 13  and  r'  =  0.28.  Hence,  from  the  table, 
t  w  0.69  eV,  t' It  »  0.28,  and  t”  jt'  «  0.49.  Using  the  first-order  expression  (18)  to  calculate  the  energy  at  jFS,  which  we 
know  from  (1 1)  should  be  1.25  eV  above  the  saddle-point,  we  find:  £  (|rs)  -  Cf  =  (1  -  d)  /d  =  2r'd"‘  «  1.46  eV.  This 
discrepancy  is  due  to  the  lack  of  higher-order  terms  in  (1 1). 

The  second-order  corrections  to  the  Ist-order  Hamiltonian  £  (k)  may  be  obtained  by  expanding  d  (e)  to  second  order 
and  using  (9)  and  (1 8)  to  obtain: 


2  Cf  -  (Sp  +  Erf)  /2 


£(k). 


"i^is  is  the  exact  expression  for  e  (k)  (still  assuming  s  constant)  because  d  (e)  is  a  quadratic  function  and  Gf  -  (e^  +  c^)  /2  = 
d/d.  For  the  purpose  of  deriving  an  analytical  1-band  2nd-order  Hamiltonian,  we  do  not  want  to  solve  this  equation 
because  the  result  is  the  exact  Eq.  (1 1),  written  as: 


e(k)-CF  _  .  /  £(k)-eF 

£f  —  (Cp  +  ^d)  /2  Y  Ef  —  (e^  +  £</)  /2 

To  obtain  an  analytical  Hamiltonian,  we  must  expand  as  follows: 


e(k)  -cf  =  [£(k)  -Cf] 


1  £(k)-eF  , 

2  cf  -  (cf  +  Crf)  /2 


(22) 


Since  Cf  -  {sp  +  e^)  /2  ~  2  eV,  this  expansion  hardly  converges  for  £  (^FS)  -  Cf  =  1.46  eV,  but  only  for  energies  much 
closer  to  Cf-  This  is  the  cusp-problem,  showing  up  again.  Our  1-band  Ist-order  Hamiltonian  including  3rd-nearest- 
neighbor  interactions  is  therefore  appropriate  for  energies  one  order  of  magnitude  closer  to  Cf  than  (e^  +  £</)  /2,  i.e. 
below  200  meV.  To  develop  an  expression  more  explicit  than  (22)  for  a  1-band  2nd-order  Hamiltonian  which  treats  higher 
energies  better  than  £(k),  seems  pointless  considering  the  complication  of  squaring  the  Fourier  series  for  £(k)  -Cp. 

We  should  also  comment  on  the  most  obvious  way  to  derive  the  cr  conduction-band  Hamiltonian,  namely  linearization 
and  orthonormalization  (3)  of  H  (e)  in  (7).  Using  (9)  and  (18)  it  becomes  obvious  that 


(k)  —  e  =  (^£  ^  ~  _ _ £  (k)  —  Cf _ 

^  l-tiiep)  l  +  {E(k)-eF)/{eF-€p) 

s[£(k)-£F][l-^^^^^^+...  . 

L  ££  -  Cf  J 

Comparison  with  the  correct  expansion  (22)  shows  that  (k)  is  merely  correct  to  first  order,  like  £(k),  but  it  has 
longer  range.  In  conclusion,  £(k)  seems  to  be  the  Ist-order  1-band  Hamiltonian  with  the  simplest  k-dependence. 

Finally  we  remark  that  for  the  8-band  model,  too,  a  1-band  Ist-order  Hamiltonian  may  be  derived  from  Ref.  [18]  where 
it  is  shown  that  the  constant  energy  contour  for  an  arbitrary  energy  is  a  polynomial  of  second  order  in  x  =  j  (1  -  cos  ait;,) 
and  in  =  I  (1  -  cosaky) .  By  expansion  of  the  coefficients  [A{e)  through  1(e)]  to  linear  order  in  e  -  Cf  and  solving, 
we  find  e  -  Cf  to  be  given  by  the  ratio  of  two  polynomials.  Expansion  of  the  denominator  gives  the  orthonormal  1-band 
Hamiltonian. 
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8.  E'lTER-PLANE  HOPPEVG,  U  (ky) . 

From  the  parameters  of  Hf  and  given  in  [18]  for  YBa2Cu307  we  derive  the  values  of  the  integrals 

=  5  (e/7  -  e,7 )  and  tf-j  =  ±  ^  (ty  -  fy ) 

for  hopping  from  orbital  i  in  the  lower  plane  to  orbital  j  in  the  upper  plane  of  the  bilayer.  We  chose  the  signs  of  the 
hopping  integrals  in  such  a  way  that  the  integrals  are  positive  if  the  two  orbitals  have  pure  cubic-harmonic  character  and 
are  strongly  localized.  In  the  expression  for  ttj,  the  upper  sign  is  therefore  chosen  for  a-a  and  tt-tt  inter-layer  hopping 
integrals,  and  the  lower  sign  is  chosen  for  a-n  hopping.  The  (tetragonally  averaged  and  rounded)  values  of  the  inter-plane 
hopping  integrals  are: 


The  negative  signs  presumably  indicate  that  the  corresponding  hoppings  mostly  proceed  via  yttrium  and  barium. 

For  the  conduction  band,  the  most  important  inter-plane  hoppings  are  the  vertical  from  Cuj  to  Cu,  and  from 
Cu,  in  one  plane  to  the  nearest  02^  or  03;,  in  the  other  plane.  This  is  so,  even  though  the  Cu,  character  in  the  conduction 
band  is  relatively  small.  This  statement  may  be  verified  from  the  left-hand  side  of  Fig.  7,  where  we  show 

<x(k)  =  ^[e-(k)-e+(k)],  (23) 

with  the  odd  and  even  conduction  bands  calculated  by  numerical  diagonalization  of  respectively  and  in  (1), 
including  all  parameters  as  given  in  Ref.  [18].  The  even-odd  splitting  is  seen  almost  to  vanish  along  FM  [M=S— ^  j] 
and  to  reach  its  maximum  of  0.6  eV  at  X.  This  qualitatively  follows  the  v^/  (1  —  2r«)  dependence  of  the  Cuj  character 
(14).  Below,  we  shall  work  this  out  in  detail.  Also  shown  in  the  figure  (heavy  lines)  are  the  constant-energy  contour  (FS) 
of  the  odd  band  passing  through  the  saddle-point  and  the  two  neighboring  ones  corresponding  to  energies  ±100  meV 
from  the  saddle-point. 

The  right-hand  side  of  Fig.  7  shows  the  same  even-odd  splitting  and  the  odd-band  constant-energy  contours  at,  and 
±100  meV  from,  the  saddle-point,  but  now  calculated  from  and  The  8-band  Hamiltonian  gives  a  more  appropriate 
description  of  the  even-odd  splitting  in  the  dimpled  Cu02  bi-layer  (See  Figs.  1  and  2  for  YBa2Cu307).  The  effects  of  the 
relatively  strong  hopping  between  ir-orbitals  on  different  planes  are  noticeable,  but  nevertheless,  Ae  even-odd  splitting 
still  attains  its  minimum  along  FM  and  its  maximum  of  0.6  eV  at  the  saddle-point.  That  the  maximum  of  tj.  (k)  moves 
along  with  the  saddle-point  as  it  bifurcates  due  to  dimpling  of  the  plane,  is  caused  by  vertical  OrOj  hopping. 

We  now  give  an  analytical  description  of  the  essentials  of  U  (k)  for  a  flat  plane.  Hence,  we  consider  only  the  o'" -band  and 
neglect  all  inter-plane  hoppings  other  than  and  In  this  case,  the  Hamiltonians  are  H’’  (e)  in  (7),  which  depend  on 
the  mid-plane  parity  (?)  only  through  /  (e) .  We  therefore  immediately  realize  that  the  inter-plane  hopping  n  proportional 
to  v^.  From  (18): 


_  _ I _ I - 

£f  -  +  £d)  12  \\  +  s*  -u  1  -I- r-  - « 


(24) 


As  usual,  sss(£f),  r  s  [2  (1  -I-  j)]“‘  ~  t'/t,  and  s  has  been  neglected.  Taking  again  £/•  at  the  X-point  of  the  un-split 
band,  we  get:  U  (Y)  «  8  •  0.32^  •  0.57  +  2^)  «  0.23  eV.  Inclusion  of  i  reduces  this  value  by  13% 

to  0.20  eV.  Had  we  instead  taken  =  e  (s>  S)  =2.78  eV,  we  would  have  had  r  =  0,  ^  =  0.65,  and  r  =  0.30,  so  that 
ti  (Y)  as  0.17  eV.  Both  estimates  are  still  the  main  part  of  the  0.29  eV  obtained  when  including  also  those  inter-plane 
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hoppings  which  do  not  involve  Cuj.  Note  that  the  inter-plane  Cu^-Op  hopping  contributes  as  much  to  fi.  (k)  as  Cu^-Cu,. 
This  is  because  Op  is  a  major  part  of  the  conduction-band  wave  function.  (One  might  then  wonder  about  the  importance 
of  and  tjd,  but  their  effects  tend  to  cancel).  The  fact  that  (k)  in  the  left-hand  side  of  Fig.  7  is  not  symmetric  around 
the  line  XX  is  mainly  due  to  the  factor  (1  -  2ru)~^  in  Eq.  (24). 

Inspection  of  LDA  calculations  for  other  multi-layer  systems  reveals  that  the  (k)-behavior  described  above  is  generic, 
as  we  would  expect  on  the  grounds  that  the  Cu^  (and  Cu322_i )  orbital  is  always  present  and  the  inter-layer  distance  is  fairly 
constant.  What  might  change,  are  of  course  €5  and  tsp  because  they  depends  on  the  balance  between  the  Cuj  and  CU322.1 
characters  which  could  be  offset  if  the  distance  to  apical  oxygen  became  unusually  short,  that  is,  more  than  0. 1  A  shorter 
than  the  2.30  A  found  in  YBa2Cu307.  The  bandstructures  calculated  by  Novikov  et  al.  [22]  for  bi-layer  Hg-1212  and  tri¬ 
layer  Hg-1223,  which  have  flat  CUO2  planes  separated  by  Ca,  reveal  that  has  -dispersion  (24)  and  that  (X)  ~  0.25 
eV,  like  for  undimpled  YBa2Cu307.  Exactly  the  same  is  found  from  Mattheiss  and  Hamann’s  calculation  [23]  for  flat 
bi-layer  Bi2Sr2CaCu208  (provided  that  one  looks  at  the  bands  where  they  are  purely  Cu02-like).  Finally,  all  calculations 
for  the  idealized  infinite-layer  material  CaCu02  with  flat  planes  and  without  apical  oxygen  exhibit  /c^-dispersion  like 
2/x  (kji)  cos exactly  as  expected  from  (24).  The  maximum  bandwidth  is  1  eV  so  that,  here  again,  {X)  ~  0.25  eV. 

A  related,  but  less  generic  problem  is  the  inter-plane  hopping  through  insulating  spacer  layers,  such  as  (BaO)Hg(BaO) 
in  the  Hg  compounds.  Here,  inspection  of  both  existing  calculations  [22,24]  for  the  single-layer  material  reveals  that 
the  ^z-dispersion  is  like  2t±  (k||)  cos  c/tz,  once  more,  and  that  t±  (X)  ^  30  meV  in  both  calculations,  that  is,  an  order  of 
magnitude  smaller  than  for  hopping  between  multi-layers.  Considering  the  fact,  that  this  ’’backwards  hopping”  proceeds 
mainly  through  the  apical-oxygen  z-orbital,  -behavior  is  to  be  expected,  because  the  04z-orbital  has  Wz=0  and  therefore 
only  couples  to  Cuj. 

ts.  (k)  is  the  important  quantity  in  the  inter-layer  pair  tunnelling  mechanism  of  P.W.  Anderson  et  al.  [19]  for  boosting 
Tc,  and  -dependence  was  in  fact  assumed  by  Chakravarty  inspired  by  LDA  bands.  According  to  the  inter-layer  pair 
tunnelling  theory,  correlation  effects  block  the  hopping  of  single  electrons  between  the  planes,  but  in  the  superconducting 
state  a  Cooper  pair  may  tunnel  due  to  the  Josephson  coupling: 

Hj«-XTj  (k)  +  h.c.) 

k 

where  7>  (k)  ^  t :i{kf  ft.  (26) 

BCS  mean-field  theory  then  yields  the  following  crude  estimate  of  the  anisotropy  of  the  superconducting  gap  and  7^: 

A  (kp)  ~  Ao  (kF)  +  Tj  (k^)  /2  and  Tc  ~  max  Tj  (k^)  /4 

With  our  parameter  values,  this  means  that  the  gap  for  a  bi-layer  should  be  something  like  Ao  (k^ )  +  50meV  •  )/*  /  ( 1  -  2ru)^ , 
traced  along  the  FS  (see  Fig.  7),  and  that  Tc  ~  300  K. 


9.  BAND  DISPERSION  IN  AN  ANTI-FERROMAGNETIC  INSULATOR 

It  has  been  a  challenge  to  understand  how  the  valence  band,  or  rather,  its  spectral  density,  evolves  as  a  function  of 
doping  as  the  material  changes  from  an  anti-ferromagnetic  insulator  (AFI)  to  a  metal,  becoming  superconducting  at  low 
temperature.  ARPES  [20]  for  the  un-dopable  AFI  Sr2Cu02Cl2  with  a  single  flat  CUO2  plane,  gave  a  valence-band  which 
dispersed  little  from  T  (0, 0)  to  X  (tt,  0)  and  which  rose  to  a  nearly  isotropic  maximum  at  -TS  (f»  f )  (see  Fig.  6).  Except 
for  the  band- width,  this  did  not  agree  with  many-body  calculations  for  the  r  -  7  [9]  and  t  -  U  [25]  Hubbard  models, 
which  predicted  the  rise  to  be  from  T  to  X,  and  the  maximum  to  be  flat  along  the  AF  zone-boundary  (tt,  0)-(  j,  f ). 

In  the  right-hand  side  of  Fig.  6  we  show  the  calculated  band  structure  of  an  AFI  in  the  simplest  possible  approximation 
where  an  external  staggered  field  of  size  ±jU  was  applied  to  the  Cux2-yi  orbital.  The  results  for  Um  ==  2,  4,  and  6 
eV  are  shown.  In  order  to  reproduce  the  experimental  gap  of  1 .8  eV,  one  would  choose  Um  ^  5  oW,  The  single-particle 
Hamiltonian  was  taken  to  be  the  4-band  Hamiltonian  (a\H  \  a).  One  observes  that  the  calculated  dispersion  has  exactly 
the  same  characteristics  as  the  experimental  one,  except  that  the  band- width  is  4  times  too  large,  as  might  have  been 
expected.  We  made  the  points  [26]  that  the  discrepancy  between  the  experiment  and  the  many-body  calculations  is  caused 
by  the  use  of  an  oversimplified  single-particle  Hamiltonian,  namely  the  1-band  nearest-neighbor  Hamiltonian  (the  t- 
model),  and  that  inclusion  of  t'  (and  t” )  should  fix  the  problem.  This  has  turned  out  to  be  true  [27].  Let  us  now  explain 
the  mean-field  results  in  some  detail. 

For  Um  =  0  (not  shown),  the  bands  are  simply  the  anti-bonding  a--band  folded  into  the  AF  Brillouin  zone.  This 
folding  is  around  the  v-axis,  so  that  u  and  -u  become  equivalent,  and  the  two  bands  are  degenerate  along  the  v-axis.  The 
dispersion  along  the  v-axis  is  the  1.25  eV  that  we  calculated  in  connection  with  Eq.  (11)  and  which,  on  the  t/-scale,  is 
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from  1  to  1  “  2a;  For  the  ^-model  this  dispersion  does  not  exist.  The  relevant  feature  seen  in  Fig.  6  is  that  this  dispersion 
along  the  AF  zone  boundary  hardly  changes  when  the  staggered  field  is  turned  on.  All  that  happens  is  that  a  gap  of 
about  half  the  size  of  the  field  50%  Cud  character)  opens  up  while  the  dispersion  essentially  remains. 

The  mathematics  of  this  is  really  simple:  The  staggered  field  operates  on  Cu^  and  couples  e  (k)  to  e  (k  +  q)  with 
q  =  ,  that  is,  €(u,  v)  is  coupled  to  e  (-m,  v) .  The  energy  dependent  1-band  cr-Hamiltonian  (7)  therefore  becomes: 


H(e) 

|k> 

|k  +  q) 

(k| 

c  ,  1 

1  -  M  - 

. 1 

1  ft' 

1  -U-\-s(€)  ) 

(27) 

{k  +  q| 

2 

e-€p  \  1  +  K  +  j  (e)  / 

Along  the  AF  zone  boundary,  «  =  0,  we  obtain: 


1+J(e)y 


2 


This  demonstrates  that  the  dispersion  along  the  v-axis  is  independent  of  the  staggered  field,  and  that  the  splitting  is 
independent  of  v.  Hence,  the  -2rv^  dispersion  remains  whatever  it  was  for  U  =0.  These  statements  are  of  course  only  true 
if  we  neglect  the  energy-dependences  of  e-  ep  and  s{e);  in  reality  the  valence  band  tends  to  get  compressed  at  energies 
closer  to  €p  and  to  gain  Op  character.  Solving  for  e  yields  (1 1)  with  u  -  0  and  €d  substituted  by  €d  ±  jU. 

For  an  energy  range  which  is  narrow  in  comparison  with  the  distances  from  ^p  ^  €d  and  Cs,  we  may  like  in  (18)  expand 
the  diagonal  of  the  secular  matrix  [H  (e)  -€](£-  Cp)  /  {It pdf  to  linear  order  around  an  energy  at  the  center  of  interest. 
For  consistency,  we  shall  denote  this  energy  Cf,  although  it  will  usually  not  be  the  Fermi  energy.  In  order  that  the  resulting 
2x2  Hamiltonian  yields  eigenvalues  correct  to  linear  order,  the  off-diagonal  matrix  element  needs  only  be  correct  at  Cf. 
For  simplicity,  we  shall  neglect  s,  which  is  a  reasonable  approximation  for  the  un-split  and  for  the  upper  Hubbard  band 
because  its  center  is  at  -4.1  eV  when  Urn  -  5  eV.  The  resulting  Ist-order  Hamiltonian  is  simply: 


lk> 

|k+q) 

<k| 

£(k) 

(k  +  q| 

f  (k  +  q) 

(28) 


where  f  (k)  was  given  by  (18)  and  \cd?‘  =  (cf  {'^tpd)  2  character  (13)  at  As 

previously  discussed,  |q|^  does  not  depend  on  k  when  i  =  0.  Had  we  gone  to  higher  order  in  the  e  —  Cf  expansion,  the 
Hamiltonian  would  still  have  been  (28),  but  with  f  (k)  and  \cd\^  substituted  by  respectively  e  (k)  and  |q  (k)|^  This  form 
holds  generally,  e.g.  also  if  it  were  derived  from  the  8-band  model  and  on-site  Coulomb  interactions  were  included  on 
other  orbitals,  when  we  define: 


U\c(k)f  =  {tp{k)\U\qj{k  +  q)}='£cr(k)UiC,ik  +  q). 

From  (28),  the  upper  and  lower  bands  are  then: 

e(k)  +e(k  +  q)  (  e  (k)  -  e  (k  +  q) 


£{k)  = 


N 


(29) 


(30) 


If  €  (k)  and  k(k)|^  are  low-energy  expansions,  the  result  of  (30)  only  applies  close  to  Hence,  we  must  use  different 
€f’s  for  the  upper  and  lower  bands,  as  is  also  natural,  because  their  characters  are  very  different  when  Uaw  -  5  eV:  The 
valence  band  is  Op  -like  and  the  upper  Hubbard  band  is  Cu^-like.  Remember  also,  that  H  (e)  in  (27)  for  an  anti-ferromagnet 
describes  8  rather  than  2  bands,  and  that  (30)  can  describe  any  of  them  through  choice  of  Cf  and  the  appropriate  sign. 


10.  INTER-PLANE  EXCHANGE  ACROSS  A  BI-LAYER,  A 


For  anti-ferromagnetic  bi-layer  materials,  such  as  YBa2Cu306,  the  spin-order  across  the  bi-layer  is  anti-ferromagnetic 
and  the  inter-layer  exchange-coupling  constant  Jj.  is  an  important  parameter  in  many  theories  of  high-temperature 
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superconductivity  and  for  understanding  the  origin  of  the  so-called  spin  gap  [28,29].  From  neutron  scattering  experiments 
on  YBa2Cu306+x  h  has  been  found  [30]  that,  upon  hole  doping  far  into  the  metallic  regime,  the  anti-ferromagnetic  spin- 
correlations  between  the  planes  are  more  persistent  that  those  in  the  planes.  The  value  of  J^_  is  under  dispute,  but  it  seems 
clear  that  in  YBa2Cu306  the  absolute  value  must  exceed  7  meV  because  the  optical  spin- wave  branch,  which  should  be  at 
energy  could  not  be  detected  with  neutron  scattering  up  to  60  meV  [31],  and  the  intra-plane  exchange  constant  is 

experimentally  known  to  be  -120  meV.  From  mid-infrared  measurements  of  the  spin-wave  spectrum  in  YBa2Cu306  [32] 

it  was  recently  concluded  that  7i - 65  meV.  SEDOR  experiments  on  the  YBa2Cu307-YBa2Cu408  metallic  compound 

[33],  on  the  other  hand,  indicates  that  J^_IJ\\  increases  strongly  with  decreasing  temperature  and  reaches  a  maximum 
value  of  0.3  just  above  Tc.  This  presumably  puts  an  upper  bound  of  50  meV  on  J^_.  We  shall  now  estimate  the  value  of 
7x  through  several  implementations  of  simple  mean-field  theory.  In  all  cases  we  assume  the  value  C/w  =  5  eV  for  the 
self-consistent  field  applied  to  the  Cu  d  orbitals. 

We  consider  the  insulating  phase,  apply  the  staggered  field  ±2.5  eV  inside  each  plane,  and  calculate  the  tiny  difference, 
X  (F)  -  (AF) ,  in  the  sum  of  the  band-structure  energies  according  to  whether  the  orientation  of  the  staggered  field  is 
ferro-  (F)  or  anti-ferromagnetic  (AF)  between  the  to  planes  of  the  bi-layer.  This  energy  difference  per  Cu  spin  is  /4. 
Before  we  present  an  analytical  calculation  based  on  the  results  of  the  two  previous  sections,  we  list  results  of  various 
numerical  calculations: _ 


Hamiltonian: 

Procedure: 

U  : 

Hs 

Htl/u) 

LDA 

F,AF 

CU;^2_^ 

Hi 

F,AF 

CUjf2_^ 

H, 

A{tllU) 

Cu^2_,i 

Hi,  t^p 
A{tllU) 

CU;(2_,J 

^4  ^sp 

F,AF 

C\lx2-yl 

Js.  /meV: 

-25 

-13 

-13 

-17 

-8 

-6 

These  result  are  seen  to  scatter  between  -6  and  -25  meV.  Our  largest  calculation  (LDA)  used  the  charge-self  consistent 
LDA  potential  for  non-magnetic  YBa2Cu306  and  applied  the  staggered  field  to  the  orbital  in  a  standard  multi- 

orbital  band-structure  calculation  using  the  orthonormal  LMTO  representation,  diagonalization  of  the  Hamiltonian,  and 
summation  over  the  occupied  bands  in  the  AF  Brillouin  zone  to  obtain  T  (F)  and  T  (AF).  Surprisingly,  the  same  result 
(  A  -  -13  meV)  was  obtained  with  the  same  brute-force  procedure  (F,AF),  but  using  and  for  the  non-magnetic 
part  of  the  Hamiltonian.  In  the  latter  calculation  we  took  advantage  of  the  fact  that  the  magnetic  perturbation  for  inter¬ 
plane  F/AF-order  is  even/odd  so  that  it  can  not/only  mix  and  In  this  way,  the  matrices  to  be  diagonalized  were 
only  16x16  for  If  we  apply  the  same  procedure,  but  start  from  the  simplified  4^-version  of  H4  which  includes 
inter-plane  hopping  via  Cu  s  orbitals  only,  we  find  a  which  is  only  -6  meV.  The  three  remaining  numerical  calculations 
listed  in  the  table  employed  a  perturbative  procedure  labelled  4{tl/U) ,  which  we  shall  now  explain. 

We  use  the  1-band  expression  (30)  and  calculate  the  change  in  the  total  energy  as  the  negative  of  the  change  of  the 
total  energy  of  merely  the  upper  Hubbard  band.  This  neglects  the  change  of  the  energy  of  the  highest,  Cuj-like  band. 
Expansion  of  (30)  to  lowest  order  in  [e(k)  -  e  (k  +  q)]  fUm  k(k)|^  (the  result  (34)  will  hold  beyond  this  order)  yields 
for  the  upper  band: 


2  2  mU  \c 


1 _ (  e(k)-e(k  +  q)'\ 

c(k)|2  I,  2  ) 


(31) 


For  a  bi-layer,  inter-plane  F-order  couples  e-  (k)  to  e*  (k  -I-  q) ,  while  inter-plane  AF-order  couples  e*  (k)  to  e*  (k  -I-  q) . 
The  even  and  odd  upper  bands  for  F-order  are  therefore: 

E  (k) - 5  +yt;k(k)l  - j - j  ,  (32) 

while  the  two  upper  bands  for  AF-order  are 

^U(k)^  -  ■  ;  V"  ■  q)  +^t/|c(k)|^  + . j^e"(k)-e-(k  +  q)y  (33^ 


The  difference  in  total  energy  per  Cu  spin  thus  works  out  as: 

-J/x  =£(F)-£(AF) 

1 


=  ^  (£■'  (k)  +  (k)  -  E*  (k)  -  E-  (k)) 

ti  (k)  tj.  (k  +  q) 
mU\c{k)\^ 


(34) 
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where  ()  denotes  the  average  over  the  Brillouin  zone.  As  usual  (23),  /i  (k)  is  half  the  splitting  between  the  odd  and  even 
bands  for  C/=0.  Expression  (34)  in  real  space  is,  in  fact,  the  familiar  one  for  Anderson  super-exchange. 

The  results  labelled  were  now  obtained  by  diagonalizing  the  appropriate  non-magnetic  4x4  or  8x8  Hamiltoni¬ 

ans  (k)  and  H~  (k)  numerically,  extracting  the  odd-even  splitting  to  form  /i  (k) ,  the  eigenvectors  to  form  mU  \c  (k)|  , 
and  summing  over  the  Brillouin-zone  (34).  The  result  obtained  in  this  way  for  the  simplified  4-band  Hamiltonian  (J i  =— 8 
meV)  is  in  accord  with,  but  slightly  larger  than  that  obtained  with  the  direct  procedure  for  the  same  Hamiltonian.  The 
result  obtained  for  the  full  4-band  Hamiltonian  =-17  meV)  is  twice  as  large.  Finally,  since  the  conduction  band  of  the 
8-band  model  has  C\ixz  and  C\Xyz  components  besides  we  did  a  calculation  in  which  k(k)|^  denoted  the  sum  of 

the  characters  for  all  three  Cu  (/-orbitals,  rather  than  just  that  of  .  The  corresponding  decrease  of  the  denominator 

in  (34)  raised  J^_  to  -25  meV. 

We  thus  conclude  that,  for  the  purpose  of  calculating  in  the  mean-field  approximation,  simulates  the  full  LDA 
Hamiltonian  very  well,  the  perturbation-expression  (34)  for  is  accurate,  the  assumption  of  inter-plane  hopping  via  only 
Cu,  under-estimates  Jx.  by  a  factor  2,  by-mixing  of  Cu  dn  character  enhances  Jj,,  and  our  best  estimate  of  is  — ^20  meV. 

With  expression  (34)  we  may  evaluate  A  analytically  for  i/4,  using  (13)  for  the  CUx2^y2  character  and  the  Ist-order 
expressions  (24)  and  (25)  for  tx  (k)  in  the  t^,,  r^-^-approximation.  We  obtain: 


—Jx  —  4 


mU \cd\^  V8/  \ 


(0.17eV)2 

'^5eV-0.57 


•0.14 


=  6meV 


(35) 


where  tx  (X)  was  given  in  (25)  and  the  last  factors  come  from  the  Brillouin-zone  average: 

(36) 

The  numerical  estimate  for  -Jx  was  obtained  by  using  the  expansion  energy  =  ^  {^>  ^)  =  2.78  eV,  which  is  at 
the  center  of  the  C/=0-band,  and  for  which  we  can  safely  neglect  i.  The  -6  meV  is  in  good  agreement  with  the  values 
obtained  numerically  for  the  same  Hamiltonian.  Since  the  v^-dependence  dominates  the  rw-dependence  in  the  average  over 
the  Brillouin-zone,  expression  (35)  for  Jx  is  fairly  insensitive  to  details  of  the  dispersion.  If  for  tx  (X)  we  merely  insert 
the  LDA  value  of  0.25  eV,  expression  (35)  in  fact  yields:  Jx  ~  “13  meV,  which  is  the  LDA  result. 

Barriquand  and  Sawatzky  [34]  recently  obtained  Jx - 56  meV  from  a  real-space  evaluation  of  (34).  One  reason  for 

the  discrepancy  with  our  value  is,  that  these  authors  only  considered  the  perpendicular  hopping  integral  ‘pp  and  took 
it  to  be  2.5  times  larger  than  our  value  (as  given  in  Sect.  8).  It  seems  to  us,  that  had  the  perpendicular  hopping  been 
dominated  by  then  tx  (k)  would  have  been  nearly  independent  of  k,  in  contradiction  with  the  even-odd  splittings 
found  in  all  LDA  calculations. 

In  a  numerical  (F,AF)-calculation,  we  can  simulate  hole-doping  crudely  by  moving  the  Fermi  level  into  the  valence 
band.  At  the  same  time,  the  mean  field  should  be  reduced  in  such  a  way  that  it  vanishes  at  a  hole  doping  of  about  0.2 
per  plane.  Fig.  8  shows  the  result  of  such  a  calculation  of  Jx  for  many  different  values  of  the  field.  The  persistence  of  the 
inter-plane  anti-ferromagnetic  coupling  with  increasing  doping  is  clearly  seen,  until  a  point  where  Jx  changes  sign  and 
the  coupling  becomes  ferro-magnetic.  Acknowledgements — ^Weare  grateful  to  TM.  Rice  for  suggesting  that  we  evaluate  Jx^Tom  our 

low-energy  Hamiltonian.  Discussions  with  Z.-X.  Shen,  J.C.  Campuzano,W.  Hanke,  D.J.  Scalapino,  and  P.W.  Anderson  are  gratefully 
acknowledged. 
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Abstract — ^After  giving  an  introductory  summary  of  the  Luttinger  Liquid-Interlayer  Tunneling  theory  of 
High  Tc,  I  shall  describe  a  sequence  of  experiments  and  interpretations  which  range  from  conclusive  and 
crucial  to  strongly  indicative  for  the  interlayer  tunneling  mechanism  and  its  imderlying  basis,  that  the  normal 
metal  in  the  cuprates  is  a  2-dimensional  non-Fermi  liquid.  The  introductory  summary  einphasized  the  clear 
separation  between  the  mechanism  for  superconductivity,  which  depends  on  the  material  between  CuOi 
layers,  and  the  properties  of  the  individual  layers,  which  form  a  strictly  2D  electron  gas.  Figure  1  illustrates 
the  lack  of  correlation  between  these  two  aspects.  (Revised  by  N.  P.  Ong  from  a  figure  of  B.  Batlogg.) 
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Fig.  1 .  Tc  does  not  correlate  with  planar  properties  for  optimally 
doped  materials.  Resistivity  as  here,  Hall  effect,  or  susceptibility 
would  all  tell  the  same  story. 


The  experiments  are  as  follows: 

Experiment  1 

ARPES  experiments  on  BISCO  2212  by  the  Campuzano 
group  at  Argonne  National  Laboratory  using  very  high  (~ 
10  mev)  resolution.  These  exhibit  two  striking  features. 

(a)  After  removing  artifacts  caused  by  5x5  superstructure, 
they  reveal  a  single,  simple,  msplit  Fermi  surface  in  nor¬ 
mal  and  superconducting  states  (see  Fig.  2).  Calculated 
splittings  between  ‘V”  and  “rr”  (even  and  odd  in  the  two 
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Fig.  2.  Black  dots:  identified  points  on  Fermi  surface;  other  mark¬ 
ings  are  “ghosts”  due  to  superstructure,  or  other  points  off  the 
Fermi  surface. 


layers  of  the  bilayer)  are  of  order  0.5  ev  and  should  be 
easily  visible.  If  this  observation  holds  up  it  verifies  a  5 
year  old  prediction  of  the  NFL  theory  (Central  Dogma 
4)  which  is  unique  to  this  theory  among  all  contenders: 
for  our  theory,  this  is  the  crucial  experiment.  The  data 
of  three  groups  are  in  essential  agreement  on  this  point. 
(Aebi’s  “shadowband”  is  a  minor  (<  5%)  feature,  possi¬ 
bly  artifactual.)Note  that  there  is  no  hint  of  band  split¬ 
ting  either  in  normal  or  superconducting  states;  in  both, 
but  particularly  the  latter,  transport  measurements  tell  us 
that  quasiparticle  widths  are  less  (or  much  less)  than  kTc 
(0.01  ev). 

(b)  The  detailed  structure  of  the  gap  as  a  function  of 
transverse  momentum  is  compatible  neither  with  simple 
s  nor  ^/-wave  ideas.  The  peaks  near  M  are  too  sharp.  See 
Fig.  3;  they  fit  the  interlayer  matrix  element  fairly  well, 
but  not  a  broad  BCS-type  interaction.  Details  within  the 
minima  are  close  to  resolution  and  it  is  premature  to 
interpret  them. 
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Fig.  3.  Variation  of  gap  with  angle  around  Fermi  surface.  Upper 
line  is  ^/-wave,  lower  line  is  tunneling  matrix  element,  gap  does  fit 
^/-wave  prediction. 


Experiment  2 

(a)  c-axis  infrared  studies  by  Uchida,  Timusk  and  van  der 
Marel  on  (La-Sr)2Cu04  all  give  essentially  identical  re¬ 
sults.  There  is  a  small  conductivity  in  the  normal  state 
which  can  only  be  analyzed  as  a  broad,  incoherent  contin¬ 
uum  (early  attempts  at  a  Drude-like  interpretation  have 
been  abandoned  and  were  not  realistic). 

In  the  superconducting  state  a  plasma  edge  grows  in 
very  rapidly  as  T  <  at  a  frequency  somewhat  below 
50  cm"^  [see  Fig.  4(a)  and  (b)]. 

We  show  that  both  observations  are  unique  to  our  the¬ 
ory.  The  former,  that  the  normal  state  (and  quasiparti¬ 
cle)  conductance  is  absent  and  is  replaced  by  a  broad, 
weak  incoherent  background,is  analogous  to  the  absence 
of  splitting  of  the  photoemission  bands  and  has  been  dis¬ 
cussed  previously. 

(b) Novel  is  the  magnitude  of  the  plasma  edge,  which  re¬ 
flects  the  magnitude  of  the  conductivity  5-function  at 
CO  =  0.  This  may  be  described  by  the  dielectric  function 


Fig.  4.  Data  by  Uchida  group  and  Timusk  group  showing  rise  of 
c-axis  plasma  edge  below  and  “lossy  dielectric”behavior  above 
Tc. 


and  the  plasma  edge  is  seen  at  co^  =  co^  is  com¬ 
patible  neither  with  the  known  c-axis  hopping  energy 
--  500cm"^  nor  with  the  Mattis-Bardeen  sum  rule 
and  the  observed  ai„c-  It  can  be  accurately  estimated  by 
describing  the  interlayer  contacts  as  Josephson  junctions 
and  making  the  Josephson  coupling  numerically  equal  to 
the  condensation  energy  A^(0)  A^.  This  fixes  co^,  which  is 
c^/A^,  where  A  is  the  penetration  depth,  and  the  coher¬ 
ence  length^  which  is  essentially  the  interlayer  spacing 
in  this  one-layer  material  (smaller  in  multilayers).  These 
results  will  soon  appear  in  Science. 


Experiment  3 

Infrared  transmission  measurements  of  ab  plane  conduc¬ 
tivity  by  Bontemps  et  al,  on  a  wide  range  of  cuprate  materi¬ 
als  from  100-10,000  cm“^  are  in  essential  agreement  from 
substance  to  substance  as  to  the  slope  oih/T{(x>)  vs  co  and 
as  to  the  variation  of  m^ico)  with  co  [Fig.  5(a)  and  (b)] 
These  fit  a  non-Fermi  liquid  expression  easily  derived  very 
generally  from  the  NFL  Green's  function: 


A  battery  for  smoking  guns 
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Fig.  5.  (a)  h/r{a))  for  infrared  conductivity  in  ab  plane  defined 
^  1 

^  ~  m>^iu))  a>+z7T(co)  ^  number  of  films  measured  by  trans¬ 
mission.  Line  is  fit  from  text,  (b)  m^(co)  from  same  measurement 
and  fit.  Line  is  power  law  as  in  text. 


with  a  A5~.2.  This  is  derived  by  using  the  “holon  non¬ 
drag”  approximation  where  vertex  corrections  are  screened 
out  by  phonon  and  impurity  scattering,  and  the  simple  two 
electron  bubble  is  cr.  The  general  homogeneity  law  for  the 
Green's  function 


G  =  F(r/t)  (3) 

which  follows  from  Luttinger  liquid  theory,  gives  (2).  (This 
is  also  the  expression  used  to  derive  the  c-axis  conductivity.) 
Fig.  6  gives  a  fit  of  one  cr(co)  to  this  expression. 

In  the  original  talk  I  had  intended  to  present  the  simple 
preliminary  theory  of  spin-gap  phenomena  which  follows 


— ct,(LL)  -  n  =  12000  cm->.  <0p  =  24000  cm’^ 
A  a|  (A) 


Fig.  6.  Overall  fit  of  power  law  to  a{cjo). 


Also:  spin  gap  mechanism 
Take  each  k  separately: 

Neglect  inter-bilayer  coupling 


2 . '-“BCS  coupling** 

5r=X8(c:,c!*,)i(c_*f:*,)2 
- +2X  +  H.C. 

-  —  —  BCS  energy  (mean  field) 


No  transition 
xl .  DOSi  etc 

Fig.  7.  Schema  for  spin  gap  theory. 
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from  decoupling  the  bilayers  from  each  other,  given  in  the 
transparency  reproduced  as  Fig.  7.  This  will  appear  in  a 
forthcoming  publication  by  Strong  and  myself  The  neutron 
data  of  Keimer,  and  the  observation  that  they  seem  to  show 
coherence  between  bilayers,  yet  identical  gap  functions  for 
the  two  layers  (or  even  and  odd  combinations  thereof),  and 
that  they  peak  broadly  at  the  M  -  M  wave  vector  region, 
are  straightforwardly  explained  in  our  theory,  but  not,  so 
far  as  we  can  see,  uniquely  so. 
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EVOLUTION  OF  THE  SINGLE-PARTICLE  SPECTRAL  WEIGHT  WITH  DOPING 
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Abstract — ^We  have  calculated  the  single-particle  density  of  states  7V(co)  and  the  spectral  weight  A{p,(jo)  for 
the  two-dimensional  Hubbard  model  by  combining  quantum  Monte  Carlo  simulations  with  the  maximum- 
entropy  analytic  continuation  technique.  We  present  results  for  various  values  of  the  doping,  temperature, 
and  Coulomb  repulsion  U.  At  half-filling  an  insulating  gap  separates  incoherent  lower  and  upper  Hubbard 
bands.  In  addition,  narrow  quasiparticle  bands  exist  at  the  top  of  the  lower  Hubbard  band  and  at  the  bottom 
of  the  upper  Hubbard  band.  The  bandwidth  of  the  quasiparticle  bands  is  of  order  27,  where  J  « 

Upon  small  doping,  spectral  weight  is  transferred  from  states  above  the  insulating  gap  to  the  top  of  the 
lower  Hubbard  band,  and  a  narrow  quasiparticle  band  of  width  ~  4/  forms.  We  find  that  the  dispersion 
of  this  narrow  band  is  similar  to  the  results  of  the  recent  angular  resolved  photoemission  measurements  of 
the  hole  doped  cuprates.  We  argue  that  the  generic  nature  of  the  quasiparticle  dispersion  relation  observed 
in  these  materials  arises  from  the  strong  Coulomb  interaction  and  reflects  the  hole-spin  correlations  rather 
than  the  one-electron  interactions  which  customarily  determine  the  band  structure. 


Fig.  1.  Density  of  states  N{(jo)  at  half-filling  for  U  =  and 
different  values  of  T. 


Numerical  calculations  of  the  single-particle  spectral  weight 
of  the  two  dimensional  Hubbard  model  provide  insight  into 
the  nature  of  the  single-particle  excitations  in  a  strongly 
correlated  electron  system.  Here  we  review  some  of  the  re¬ 
cent  results  which  have  been  obtained  for  this  model. 

The  Hubbard  Hamiltonian  has  the  well  known  form 

H  =  -t  Y,  {clcjs  +  4c/,)  +  U  Ymnn,  (1) 

i 

Here  cl  creates  an  electron  of  spin  s  on  site  i  of  a  two- 
dimensional  square  lattice.  The  non-interacting  U  -  0 
quasiparticle  dispersion  relation 

(2) 


Fig.  2.  Single-particle  spectral  weight  .4(p,  cu)  at  half-filling  for 
U  =  \0t  and  T  =  0.25/  by  Moreo  et  al.  [7],  The  numbers  in 
parentheses  denote  the  momentum  p  =  {px,  Py)  in  units  of  Tr/4. 


has  a  bandwidth  of  8/.  The  Coulomb  interaction  U  and 
the  bandwidth  8/  set  the  large  energy  scale.  A  lower  energy 
scale  is  set  by  the  exchange  interaction  J  «  4/^/f/. 

At  half-filling,  the  ground  state  has  antiferromagnetic 
long-range  order  and  antiferromagnetic  spin  waves  char¬ 
acterized  by  an  energy  scale  J.  When  the  system  is  doped 
away  from  half-filling,  it  is  believed  that  there  is  no  long- 
range  magnetic  order.  However,  there  remain  short-range 
antiferromagnetic  correlations.  In  the  following,  we  will  ex¬ 
amine  the  effect  of  both  the  onsite  Coulomb  interaction  U 
and  the  antiferromagnetic  correlations  on  the  single  particle 
properties  of  the  half-filled  and  the  doped  system. 

Quantum  Monte  Carlo  techniques  [1]  have  been  used  to 
provide  information  on  the  finite  temperature  single-particle 
Green’s  function 


Ep  =  -2/(cos(/7x)  +  cos(p;j,)) 
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Fig.  3.  Momentum  occupation  number  <rtp>  versus  p  at  half-filling 
for  T  =  0.125/.  The  points  are  the  Monte  Carlo  data  and  the 
solid  line  is  the  mean  field  SDW  result. 


Gij(r)=-{TrCi{T)c]m.  (3) 

Fourier  transforming  on  (/-y),  one  obtains  G(p,  t),  which 
for  ^  >  T  >  0  is  related  to  the  spectral  weight  /l(p,  co)  by 


G(p,  T) 


dco 


1  + 


(4) 


with  ^  =  T~K  Various  maximum  entropy  methods  [2]  have 
been  used  to  estimate  A(p,(v).  The  single-particle  density 
of  states  N((v)  can  be  calculated  by  summing  ^(p,  co)  over 
momenta  or  analytically  continuing  Gnir),  Finally,  setting 
T  to  0"^  in  G(p,  t)  gives  the  momentum  occupation 

(4,cp,>  =  1 +G(p,0+).  (5) 

It  is  also  possible  to  calculate  A{p,  w),  N{co)  and  (cJ,Cpj) 
with  Lanczos  methods  on  small  lattices  [4]. 

In  Fig.  1,  the  single-particle  density  of  states  N{(jo)  at 
half-filling  is  shown  at  different  temperatures  for  U It  = 
8  and  an  8  x  8  lattice  [5].  At  high  temperatures,  the  on¬ 
site  Coulomb  interaction  gives  rise  to  incoherent  upper  and 
lower  Hubbard  bands.  For  C///  =  8,  the  exchange  interac¬ 
tion  J  ^  4t^/U  =  O.St  so  that  as  T  decreases  below  7,  anti¬ 
ferromagnetic  correlations  develop  leading  to  narrow  peaks 
in  N{vo)  and  a  more  clearly  defined  gap.  As  first  shown  by 
Preuss  et  ai  [6]  and  also  reported  by  Moreo  et  ai  [7],  the 
low  temperature  spectral  weight  y4(p,  co),  Fig.  2,  consists 
of  incoherent  upper  and  lower  Hubbard  bands  along  with 
dispersing  quasiparticle  bands  which  can  be  fit  by  ±E^  with 

£1,  =  A  +  ^(cosA:.v  +  coskyf,  (6) 

The  spectral  weight  shifts  [8]  in  a  similar  fashion  to  the 
mean  field  SDW  result  so  that  at  p  =  (7t/2,  Tr/2),  the  weight 
is  equally  divided  above  and  below  cu  =  0  and  as  p  moves 
below  (above)  p?  the  weight  shifts  below  (above)  co  =  0. 
This  behavior  is  seen  in  the  momentum  occupation  (cJvCp.v) 


6;/t 


cj/t 


Fig.  4.  Density  of  states  N{io)  at  T  =  0.5/  for  (a)  («)  =  0.94,  (b) 
in)  =  0.87  and  (c)  {n)  =  0.70. 


plotted  in  Fig.  3,  where  the  solid  line  is  the  mean  field  SDW 
result  <«p)  =  (1  -  epjE^^)  with  E^^  =  and  A  = 

2.4/. 

When  the  system  is  doped  away  from  half-filling,  the 
fermion  sign  problem  prevents  Monte  Carlo  calculations 
from  being  run  at  low  temperatures.  For  example  with  U  = 
8/  and  («)  =  0.87,  it  is  difficult  to  obtain  Monte  Carlo  data 
with  good  statistics  at  temperatures  much  below  0.3/.  Since 
J  ^  I U  =  0.5/  for  U  =  8/,  one  is  only  just  able  to  re¬ 
solve  energies  on  the  scale  of  J.  While  the  Lanczos  exact 
diagonalization  calculations  provide  ground  state  informa¬ 
tion,  the  small  system  size  (4  x  4)  again  limits  what  one  can 
conclude. 

One  feature  that  appears  robust,  is  the  shift  of  the  chem¬ 
ical  potential  ^  upon  doping.  This  is  illustrated  for  several 


Evolution  of  the  single-particle  spectral  weight  with  doping 
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Fig.  5.  Temperature  variation  of  the  density  of  states  N{aj)  at 
in)  =0.87. 


«/t 

Fig.  6.  Density  of  states  Nico)  for  U  =  12r,  T  =  0.5t  and  {n)  = 
0.87. 


different  fillings  in  Fig.  4.  Thus  early  PES  data  suggesting 
that  there  was  only  a  small  shift  in  ^  upon  going  from  the 
insulating  to  the  metallic  state  of  some  cuprates  differs  from 
what  one  would  expect  if  the  Hubbard  model  provides  an 
appropriate  starting  point  for  these  systems.  In  addition  to 
the  shift  of  the  chemical  potential  seen  in  Fig.  4,  upon  dop¬ 
ing  ((«>  <  1)  spectral  weight  is  shifted  from  the  upper  and 
lower  bands  of  the  insulating  state  forming  a  pseudogap 
with  a  narrow  band  of  states  at  the  upper  edge  of  the  lower 
Hubbard  band  [4].  Fig.  5  shows  the  evolution  of  A^(co)  for 
the  doped  case  as  the  temperature  is  lowered  [5].  Just  as  for 
the  half-filled  case,  at  high  temperatures  N((jo)  consists  of 
incoherent  upper  and  lower  Hubbard  bands  with  ^  located 
near  the  top  of  the  lower  Hubbard  band.  Then,  as  the  tem¬ 
perature  decreases  and  short  range  antiferromagnetic  cor¬ 
relations  develop,  a  relatively  narrow  band  of  states  forms 
at  the  upper  edge  of  the  lower  Hubbard  band.  In  Fig.  6,  a 
similar  peak  is  seen  for  U  =  \2t. 

The  spectral  weight  ^(p,  co)  for  U  =  St  and  («)  =  0.87 


on  a  12  X  12  lattice  at  T  =  0.5/  is  shown  in  Fig.  7  [9].  The 
insets  show  the  direction  of  progression  of  the  momenta 
for  each  segment  of  the  figure.  Clearly,  one  would  like  to 
have  better  temperature  resolution  than  T  =  J.  However, 


w/t  «/l 


- 
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A 
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Fig.  7.  Single-particle  spectral  weight  Aip,  oj)  versus  co  for  C/  = 
8/,  T  =  0.5t  and  {n)  =  0.87. 


Fig.  8.  Single-particle  spectral  weight  y4(p,  co)  versus  co  for  p  = 
(0, 0)  and  U  -  St.  This  result  has  been  obtained  by  Dagotto  et  al. 
[4]  using  the  Lanczos  exact  diagonalization  technique  for  a  4  x  4 
lattice  with  two  holes  corresponding  to  {n)  =  0.875. 


1600 


N.  BULUT  and  D.  J.  SCALAPINO 


(0.0)  (tr.O)  (0.0) 


P 

Fig.  9.  (a)  Quasiparticle  dispersion  ^  versus  p  for  (n)  =  0. 87.  Here, 
the  solid  curve  illustrates  the  quasiparticle  dispersion  obtained  by 
the  Lanczos  exact  diagonalization  calculations  of  Dagotto  et  ai 
[4]  for  the  4  X  4  lattice  with  two  holes.  The  dashed  horizontal  line 
denotes  the  chemical  potential  for  (n)  =  0.87  and  T  ==0.5t.  (b) 
Quasiparticle  dispersion  of  the  insulating  state  obtained  by  Preuss 
et  ai  [6]  for  r  =  0. 1?.  The  curves  that  are  at  the  top  of  the  lower 
Hubbard  band  and  at  the  bottom  of  the  upper  Hubbard  band 
illustrate  the  SDW-like  quasiparticle  dispersion.  The  segments  of 
the  dispersion  indicated  by  the  dotted  curves  have  smaller  weight 
than  those  indicated  by  the  solid  curves. 


within  the  present  Monte  Carlo  limitations  we  interpret 
the  results  of  Fig,  7  as  showing  upper  and  lower  Hubbard 
bands  and  a  single  narrow  dispersing  quasiparticle  band.  In 
particular,  for  p  =  (tt,  rr),  we  can  clearly  resolve  both  the 
upper  and  lower  Hubbard  bands,  and  a  low  energy  quasi¬ 
particle  peak  which  has  dispersed  relative  to  its  position  at 
p  =  (Tr/2,  Tr/2).  Furthermore,  the  quasiparticle  dispersion 
is  significantly  less  at  the  (rr,  0)  corner  than  along  the  diag¬ 
onal  at  (Tr/2,  Tr/2).  As  p  goes  towards  the  T  point  (0, 0),  we 
believe  that  the  quasiparticle  peak  is  obscured  by  the  lower 
Hubbard  band  because  of  the  resolution  of  the  maximum 
entropy  technique.  Fig.  8  shows  ^(p,  co)  for  p  =  (0, 0)  cal¬ 
culated  using  the  Lanczos  exact  diagonalization  technique 


[4]  on  a  4  X  4  lattice.  The  peak  denoted  by  the  arrow  is 
interpreted  as  the  quasiparticle. 

In  Fig.  9(a)  we  have  plotted  as  the  solid  circles  the  quasi¬ 
particle  peaks  in  the  spectral  weight  versus  p  obtained  from 
Fig.  7.  Here  the  shading  indicates  the  lower  and  the  up¬ 
per  Hubbard  bands.  The  solid  curve  at  the  top  of  the  lower 
Hubbard  band  illustrates  the  quasiparticle  dispersion  ob¬ 
tained  from  the  exact  diagonalization  calculations.  In  Fig. 
9(b),  on  the  same  scale  as  Fig.  9(a)  we  have  plotted  the 
quasiparticle  dispersion  for  the  half-filled  case  obtained  by 
Preuss  et  ai  [6]  on  an  8  X  8  lattice  at  T  =  0.  U.  The  bands 
at  the  top  of  the  lower  Hubbard  band  and  at  the  bottom  of 
the  upper  Hubbard  band  follow  SDW-like  dispersion  with 
a  bandwidth  of  order  2J  [10]. 

We  conclude  that  the  density  of  states  peak  for  the  doped 
system,  which  appears  as  the  temperature  is  lowered  below 
J  (see  Fig.  5),  arises  from  short  range  antiferromagnetic 
correlations,  coupled  with  a  strong  onsite  Coulomb  interac¬ 
tion  U,  just  as  the  quasiparticle  dispersion  in  the  half-filled 
case.  However,  as  shown  in  Fig.  9(a),  for  {n)  =  0.87  and 
T  =  0.5?,  we  find  a  single  quasiparticle  band  which  dis¬ 
perses  through  the  fermi  surface  rather  than  the  SDW-like 
dispersion  seen  in  the  insulator. 
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obtained  by  numerical  calculations  for  the  t-J  and  the  large 
U  Hubbard  models  are  in  agreement. 
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Abstract— The  anomalously  long  superconducting  coherence  lengths  observed  in  YBCO/PBCO  multilayers 
are  interpreted  in  terms  of  a  boson  localization  picture  for  the  superconductor-insulator  transition  in  YBCO 
as  Pr  is  substituted  for  Y  It  is  suggested  that  the  combination  of  finite  vortex  mass  and  reduced  superfluid 
density  for  the  proximity-induced  order  parameter  in  PBCO  should  lead  to  enhanced  quantum  creep  in 
these  multilayer  samples. 


1.  INTRODUCTION 

Some  years  ago  Doniach  and  Inui  [1]  suggested  that 
the  superconductor-insulator  transition  observed  in  the 
cuprates  as  doping  is  lowered  from  that  needed  for  optimal 
superconductivity  is  a  “boson  localization”  or  “Cooper 
crystal”  transition. 

The  purpose  of  this  note  is  to  suggest  that  the  insulating 
state  induced  in  YBCO  by  Pr  substitution  for  Y  is  also  in 
this  class  of  localized  boson  states.  This  hypothesis  is  mo¬ 
tivated  by  the  extraordinarily  long  superconductivity  prox¬ 
imity  tunneling  lengths  observed  in  ^-axis  YBCO/PBCO 
multilayers  by  Suzuki  et  al  [2]  which  extends  to  some 
480  A.  If  the  PBCO  contains  bound  Cooper  pairs  which  are 
weakly  localized,  then  proximity  tunneling  from  the  adja¬ 
cent  YBCO  interface  will  have  a  proximity  coherence  length 
5/;  /  1  /  fpair  localization  and  hence  can  become  very  long  as  the 
superconductor-insulator  boundary  is  approached  in  the 
PBCO.  This  weak  localization  could  also  account  for  vari¬ 
able  range  hopping  conductivity  observed  in  pure  PBCO  by 
Suzuki  et  al  [2]. 


2.  PSEUDO-SPIN  MODEL 

Because  the  T  0  Ginzburg  Landau  coherence  length 
5o  is  so  short  (  20  A)  in  the  cuprates,  a  convenient  coarse 
grained  phenomenological  model  for  the  superconductor- 
insulator  transition  is  that  of  Robasczkiewicz  et  al.  [3]  gen¬ 
eralized  to  include  long  range  Coulomb  interactions.  Here, 
pseudospins  t  defined  on  a  lattice  with  unit  cell  of  order  go 
have  X,  y  components  representing  the  superconducting  or¬ 
der  parameter  and  z-  components  representing  the  number 
operator  of  the  Cooper  pairs. 

In  the  simplest  such  model  t  will  be  a  spin  1  object  for 
which  the  m  0  eigenstate  represents  the  average  Cooper 
pair  density,  while  m  1  eigenstates  represent  charging 
fluctuations  of  2e.  The  Hamiltonian  becomes 

H  T,.  he) 

i  <ij> 


^  y  (TfT)) 

^  jRi  Rjj 


(1) 


where  is  the  on-site  charging  energy,  J  is  the  Cooper  pair 
tunneling  matrix  element  and  Ci  is  a  phenomenological 
dielectric  constant.  In  the  classical  limit  7  >>  4e^/6i  a,  one 
has  <  T V  >  1  and  the  superconducting  condensate  energy 

becomes 


Es  a^d-^  4J  (2) 

where  we  consider  superconductivity  in  two-dimensional 
planes  of  thickness  d  and  square  lattice  spacing  a  but  treat 
the  long  range  Coulomb  interactions  in  three  dimensions. 

A  Ginzburg-Landau  expansion  about  the 
superconductor-insulator  transition  was  given  by  Doniach 
[4].  A  generalized  form  which  includes  the  effects  of  long 
range  Coulomb  interactions  was  proposed  by  by  Doniach 
and  Inui  [1].  This  phenomenological  Ginzburg  Landau 
free  energy  functional  of  the  complex  order  parameter 
ilj{x)  is  given  by 


F  f(//g  (1  jl/'f 

0 

(§oV4f,7)j(r  a^</>)2j  (3) 

where  e,  Ae^/Ci  a,  a  ed^J,  tx,  2,  go  a  and  the 
on-site  charging  term  has  (somewhat  arbitrarily)  been  ne¬ 
glected.  A  similar  expression  was  given  by  Eckem  and 
Schmid  [5]  for  the  Josephson  junction  array  model. 


3.  PROXIMITY  TUNNELING  IN  PBCO 

If  we  assume  that  a  is  greater  than,  but  close  to,  the 
critical  value  in  PBCO,  then  the  j(//f  term  becomes  posi¬ 
tive  and  PBCO  is  an  insulator  when  not  coupled  to  YBCO. 
However,  assuming  a  boundary  condition  for  the  supercon¬ 
ducting  order  parameter  of  (p  1  at  the  PBCO-YBCO 
interface,  then  ip  will  decay  exponentially  into  the  PBCO  as 
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ifJ?BC0(x)  l/'YBCO  e  ’‘'^1’  (4) 

where  5^  ^^oiclitx  «(■)■ 

For  (480/20)  24,  the  Cooper  pair  localiza¬ 

tion  energy  will  be  given  approximately  by  the  q  0  plas- 
mon  energy  of  eqn  (3);  Sip  ^4£c/(a/o(c.  l)j  .  Using 
■JUTc  0{KT^),  where  Tc  is  the  BCS  transition  temerature 
one  then  finds 


£ioo  KTcIlA.  (5) 

Hopping  of  the  Cooper  pairs  with  this  weak  pair- 
localization  energy  might  account  for  the  variable  range 
hopping  in  the  CuOz  planes  of  films  of  pure  PECO  ob¬ 
served  by  Suzuki  et  al.  [2]. 


4.  VORTEX  ACTIVATION  ENERGIES  IN  THE 
YBCO/PBCO  COMPOSITE  LAYERS 


Suzuki  et  al.  [2]  measure  a  vortex  activation  energy  sj  as 
a  function  of  PECO  spacer  thickness  in  their  a-axis  films. 
They  fit  it  to  the  theory  of  Feigel’man  et  al.  [6]  for  the 
activated  resistivity  of  a  pinned  vortex  lattice 


£j\n(HotH)  (6) 


where  4>ldl64TT^X^.  For  the  composite  films,  A  ^  / 
A^’Aj'  where  we  take  b  to  be  the  direction  of  the 
YECO/PECO  multilayers.  Then 


/  Ps 


LybCO  LpBCO 


(7) 


provided  Lpbco  ^  leading  to 

1 


1 


2  ^/AJ^ybco  ^pbco) 
for  intermediate  values  of  Lpbco/5/j* 


(8) 


5.  FIELD-INDUCED  QUANTUM  MELTING  OF  THE 
VORTEX  LATTICE 


Use  of  the  phenomenological  functional  (3)  allows  an 
estimate  of  the  vortex  mass  at  the  mean  field  level. 

Following  Eckem  and  Schmid  [5]  we  can  write  the  vorttex 
contribution  to  the  phase  (f>(x,T)  of  the  order  parameter 
as  i//(x)  with 


<PM 


^  arctan 

V 


y  yAr) 

X  Xv(t) 


(9) 


where  qy  1  are  the  vortex  charges  and  (Xv.>^v)  are  the 
vortex  positions.  Substituting  in  eqn  (3)  this  leads  to  a  vortex 
mass 


(10) 


At  sufficiently  large  applied  magnetic  field,  the  vortex  lat¬ 
tice  will  then  be  driven  through  a  quantum  melting  tran¬ 
sition,  at  T  0,  at  a  value  of  H  which  may  be  estimated 
using  the  Lindemann  criterion  as 


where  Qy  is  the  frequency  of  the  zone  boundary  phonon 
modes  of  the  vortex  lattice  [8]. 

When  the  uniform  system  is  close  to  the  insula¬ 
tor/superconductor  phase  boundary  (but  on  the  supercon¬ 
ducting  side),  the  effective  mass  My  of  the  vortices  starts 
to  become  very  small  due  to  renormalization  by  the  charg¬ 
ing  fluctuations  of  the  order  parameter  as  shown  by  van 
Otterloo,  Fazio  &  Schon  [7].  So  as  the  system  approaches 
the  superconductor-insulator  phase  boundary,  the  melting 
field  Hm  will  be  driven  to  smaller  values  both  due  to  the 
softening  of  the  vortex  lattice  as  p.v  !  0  and  due  to  the 
renormaliztion  of  the  vortex  mass.  Thus  will  tend  to 
zero  at  the  superconductor-insulator  phase  boundary  (see 
Fisher  [9]). 

This  field-induced  quantum  melting  provides  a  nice  ex¬ 
planation  for  the  field-induced  superconductor-insulator 
transition  seen  in  oxygen -depleted  YBCO  by  Seidler  e/ 
a/.  [10].  In  fact,  their  measurements  provide  experimen¬ 
tal  evidence  for  the  boson-localization  mechanism  for  the 
superconductor-insulator  phase  boundary  in  underdoped 
cuprate  samples.  If  the  application  of  the  field  had  lead  to 
pair  breaking  then  a  transition  to  a  metallic  state  would  be 
expected,  which  was  not  found  in  these  experiments. 

The  YBCO/PBCO  multilayers  provide  an  interesting  case 
where  the  proximity-induced  superconducting  order  param¬ 
eter  remains  finite  even  though  the  PBCO  segments  have 
crossed  into  the  insulating  regime.  So  in  the  multilayer  case 
we  may  expect  that  the  mass  reduction  to  zero  caused  by 
the  charge  fluctuations  is  inhibited  by  the  proximity  effect 
and  My  will  remain  finite. 

The  effect  of  the  charge  fluctuations  on  the  mean  field 
estimate  of  My  in  the  presence  of  the  proximity-induced 
order  parameter  is  hard  to  estimate.  However,  there  will  be 
a  reduction  of  the  melting  field  Hm  due  to  softening  of  the 
vortex  lattice  as  is  reduced.  Thus  using  eqn  (11)  we  may 
estimate 


jj-proximity 

^YBCO  j(//YBCOj 


(12) 


where  we  have  set  Qy  /  plP. 

At  fields  of  order  H  ^  any  vortices  induced  in 

the  PBCO  regions  will  then  be  driven  through  the  quantum 
melting  transition,  thus  leading  to  a  field-induced  decou¬ 
pling  of  the  YBCO  regions  at  a  critical  field  whose  value 
will  depend  on  the  magnitude  of  the  proximity-induced  or¬ 
der  parameter. 

It  would  also  be  interesting  to  observe  if  the  reduced 
Hm  in  the  PBCO  regions  leads  to  enhanced  quantum  creep 
at  very  low  temperatures  as  the  PBCO  layer  thickness  is 


My 
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IMPURITY  SCATTERING  AND  ORDER  PARAMETER  SYMMETRY  IN  HIGH-Tc 

SUPERCONDUCTORS 
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Abstract — I  review  the  theory  of  impurities  in  a  ^/-wave  superconductor,  with  a  view  towards  devising  tests 
which  can  identify  the  order  parameter  symmetry  in  the  cuprates,  particularly  those  involving  electromagnetic 
response.  Existing  microwave  data  can  be  semiquantitatively  fit  by  “dirty  ^/-wave”  theory,  extended  to  include 
inelastic  scattering  by  antiferromagnetic  spin  fluctuations,  although  some  discrepancies  remain.  The  model 
also  yields  alternative  explanations  for  some  well-known  features  of  the  optical  conductivity  in  single  crystals. 
The  theory  is  compared  with  the  predictions  for  various  anisotropic  j-wave  states  which  have  been  proposed 
recently. 


INTRODUCTION 

Experimental  evidence  supporting  the  identification  of  d- 
wave  superconductivity  in  the  cuprates  falls  into  two  cat¬ 
egories.  The  first  is  a  set  of  measurements  indicating  the 
existence  of  low-lying  excitations  below  what  should  be  the 
BCS  gap  energy  scale:  these  include,  but  are  not  limited  to, 
penetration  depth,  angle-resolved  photoemission,  thermal 
conductivity,  and  nuclear  magnetic  relaxation  experiments 
[1].  The  second  category  includes  probes  sensitive  to  the 
change  of  the  sign  of  the  order  parameter  over  the  Fermi 
surface,  such  as  Josephson  tunneling  [2].  While  consider¬ 
ably  more  evidence  has  accumulated  of  the  former  type,  it 
is  sometimes  accorded  less  weight  than  pair  tunneling,  since 
experiments  of  this  kind  are  normally  assumed  to  measure 
properties  sensitive  to  the  order  parameter  Ajt  only  through 
the  Bogoliubov  quasiparticle  spectrum,  Ek  =  + 

Since  Ek  does  not  depend  on  the  sign  of  the  order  param¬ 
eter,  it  appears  at  first  sight  that  any  state  with  order  pa¬ 
rameter  vanishing  linearly  near  line  nodes  (as  does,  e.g.  the 
dx2-y;i  state  in  tetragonal  symmetry)  will  support  low-lying 
quasiparticle  excitations  and  give  rise  to  similar  thermo¬ 
dynamic  and  transport  properties.  For  example,  the  three 
states  shown  in  Fig.  1  all  have  nodes  near  the  (1,1)  directions 
on  the  model  Fermi  surfaces  shown;  the  low-energy  density 
of  single-particle  states  N{(jo)  will  be  the  same  (linear)  in 
all  cases^  as  will  all  properties  deriving  directly  therefrom. 

When  coupled  with  a  reliable  model  of  impurity  scat¬ 
tering  in  the  unconventional  superconducting  state,  mea¬ 
surements  of  quasiparticle  transport  properties  can  defini¬ 
tively  help  to  identify  the  order  parameter  symmetry,  how¬ 
ever.  This  conclusion  follows  from  recognizing  that  the  off- 
diagonal  impurity  self-energy  Zi  is  nonzero  in  j’-wave  states 
la  and  lb,  but  vanishes  in  the  ^-wave  state  Ic.  A  large 
Zi  prevents  the  formation  of  a  scattering  resonance  at  the 


Fermi  surface,  leading  to  clean  limit  low-frequency  trans¬ 
port  coefficients  which  for  T  ^  Tc  generically  vary  weakly 
in  temperature  in  s-wave  gapless  states.  By  contrast,  in  the 
d-wave  (or  other  unconventional  state  where  Zi  =0),  res¬ 
onant  scattering  leads  to  transport  properties  which  vary 
strongly  in  temperature  for  T  7^  [3].  The  resonance  char¬ 
acteristic  of  the  dirty  J-wave  state  also  gives  rise  to  charac¬ 
teristic  features  in  the  microwave  and  optical  conductivities 
which  can  be  used  to  determine  the  order  parameter  sym¬ 
metry  [4-7].  The  full  temperature  and  frequency  range  can 
be  described  if  one  includes  a  source  of  inelastic  scattering 
in  the  theory.  Here  a  simple  model  of  scattering  from  2D 
Hubbard  spin  fluctuations,  together  with  the  dirty  J-wave 
picture,  is  shown  to  account  for  many  qualitative  features 
of  the  frequency  dependent  response,  including  the  “resid¬ 
ual”  Drude  peak  in  the  superconducting  state  and  aspects 
of  the  “mid-infrared  band”. 


Fig.  1.  Order  parameters  plotted  over  tetragonal  Fermi  surface: 
(a)  s'-wave  state  with  gap  minima  at  Fermi  surface;  (b)  extended 
5:-wave  state;  (c)  state 


Impurity  scattering 


The  disorder-averaged  matrix  propagator  describing  any 
of  the  states  (a)-(c)  above  is  written 


g(k,a)J  =  - 


cbl  +  U+l'^k  P 


^  Work  done  in  collaboration  with  L.S.  Borkowski,  W.O.  Putikka,  S. 
Quinlan  and  D.J.  Scalapino 
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where  the  r'  are  the  Pauli  matrices  and  Kk  is  a  renormalized 
unitary  order  parameter.  The  renormalized  quantities  are 
given  by  d);,  =  tk  =  23(a)„),  and  Aa:  = 

Aa:  +  2i(a)„),  where  the  self-energy  due  to  5-wave  impurity 
scattering  has  been  expanded  2  =  2,t'.  The  relevant  self- 
energies  are  given  in  a  /-matrix  approximation  [8,9]  by 


2:0  = 


TGo 


-  Go" 


Si  = 


-FGi 


+  G\  —  Go" 


(2) 


where  F  =  ninKnNo)  is  a  scattering  rate  depending  only  on 
the  concentration  of  defects  rii,  the  electron  density  «,  and 
the  density  of  states  at  the  Fermi  level,  Nq,  and  we  have 
defined  G«  =  (ilTTN^)J.kTr[T_^^.  The  strength  of  an  indi¬ 
vidual  scattering  event  is  characterized  by  the  cotangent  of 
the  scattering  phase  shift,  c.  The  Born  limit  corresponds  to 
c  »  1,  so  that  r/c^  ^  Fy,  while  the  unitarity  limit  corre¬ 
sponds  to  c  -  0. 


Distinguishing  s-  and  d-wave  like  states 

The  distinction  between  5-wave  states  (a)  and  (b)  and  the 
J-wave  order  parameter  (c)  may  now  be  seen  by  considering 
the  diagonal  and  off-diagonal  self-energies  2o  and  2i .  The 
latter  vanishes  identically  for  the  ^/-wave  case  because  Ajt 
has  a  reflection  symmetry,  and  therefore  the  Fermi  surface 
integral  Gi  vanishes.  This  leads  to  the  well-known  break¬ 
down  of  Anderson’s  theorem  for  potential  scatterers  in  a 
^-wave  superconductor  and  the  insensitivity  of  the  nodal 
structure  of  the  gap  to  pairbreaking.  In  5-wave  states  of 
type  (a),  however,  the  off-diagonal  integrated  Green’s  func¬ 
tion  Gi  is  nonzero  and  has  the  same  order  of  magnitude 
as  its  isotropic  counterpart.  Following  the  standard  theory 
of  pairbreaking  in  anisotropic  5-wave  superconductors,  it  is 
then  easy  to  see  that  smearing  of  the  energy  gap  due  to 
randomization  of  electronic  momenta  leads  to  a  lifting  of 
the  gap  minima  and  the  opening  of  an  impurity-induced 
energy  gap  in  the  quasiparticle  spectrum,  as  pointed  out 
by  Borkowski  and  Hirschfeld  and  Fehrenbacher  and  Nor¬ 
man  [10,11].  Thermodynamic  and  transport  properties  will 
therefore  always  exhibit  activated  behavior  at  sufficiently 
low  temperatures. 

From  the  symmetry  point  of  view,  there  is  of  course  no 
reason  the  order  parameter  cannot  change  sign  on  the  Fermi 
surface,  as  in  the  “extended  5- wave”  state  (b).  Interest  in  such 
states  was  heightened  when  Ding  et  al  presented  ARPES 
measurements  on  BSSCO  suggesting  the  existence  of  pairs 
of  nodes  symmetrically  placed  near  the  (1,1)  directions  as 
one  might  expect  from  Fig.  1(b)  [12].  It  was  difficult  to 
see  how  these  data  could  be  explained  simply  by  a  ^/-wave 
state,  although  some  suggestions  were  put  forward  [13]  Very 
recently,  these  claims  [12]  were  modified,  but  there  is  still 
great  interest  in  extended-5  wave  pairing. 

Note  one  can  model  an  extended  5-wave  state  by  tak¬ 
ing  a  function  over  the  Fermi  circle  of  type  (a),  like 
Aa:  =  Ao|cos2<^|,  and  subtracting  a  constant,  Ajt  = 
Ao(|  cos2</)|  -  r]o);  a  fit  to  the  data  of  Ref.  [12]  using  such  a 


FAco 

Fig.  2.  ARPES  determination  of  BSSCO  energy  gap  as  function 
of  angle  </>  around  Fermi  surface.  From  Ref.  [12],  error  bars  not 
shown.  Solid  line:  Aa:  =  Ao(l  cos2</)|  -  rjo),  with  rjo  =  -25 


form  is  shown  in  Fig.  2.  For  a  range  of  impurity  scattering 
rates  F/  rjo,  one  even  expects  low-temperature  “gapless” 
behavior  characterized  by  a  residual  density  of  quasipar¬ 
ticle  states  A(0)  >  0,  as  in  the  ^/-wave  case  [11].  Thus,  at 
first  sight,  many  of  the  same  experiments  which  seem  to  fit 
the  “dirty  ii-wave”  scenario  (see  below),  could  potentially 
also  be  explained  by  such  states.  Transport  properties  of 
extended  5-wave  states  will  be  considerably  different,  how¬ 
ever,  as  suggested  by  the  following  heuristic  argument.  Any 
DC  transport  coefficient  L(T)  in  a  system  characterized 
by  well-defined  single-particle  excitations  will  vary  with 
temperature  roughly  as  L(T)  ^  iV(co  J')T(a)  D, 
where  N(w)  is  the  density  of  states  and  t(co)  the  relax¬ 
ation  time.  In  the  clean  d-w&vc  case,  resonant  scattering 
gives  T“Uto)  ^  22o"(co)  ~  up  to  logarithmic 

corrections,  yielding  L{T)  ~  T^.  In  the  Born  limit  c  »  1, 
similar  arguments  yield  L  ~  const,  for  d-wstvQ  transport 
coefficients.  Impurity-limited  transport  in  the  extended  5- 
wave  state  will  be  qualitatively  similar  to  the  t/-wave  case  if 
the  scattering  is  weak,  c  »  1. 
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Fig.  3.  Comparison  of  conductivity  of  clean  extended  5-wave  state 
(“5”),  no  =  0.25,  Ao/Tc  =  2.9,  F/Tc  =  0.1,  c  =  0  with  d^i-yi  state, 
A/Tc  =  2.14.  V-res”:  T/Tc  =  0.l,c  =  0,  V-Born”:  T/Tc  = 
10,  c  =  10.  No  inelastic  scattering  included. 
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For  large  phase  shifts  in  such  a  state,  resonant  scattering 
does  not  occur,  however,  since  the  denominator  of  the  t- 
matrix,  -  Gq  +  G?  ^  (1  -  no)^  even  for  c  -  0  [10,1 1].  The 
frequency  dependence  of  the  t-matrix  is  nevertheless  impor¬ 
tant,  giving  rise  to  a  crossover  scale  Wc  set  by  1  -  /70  = 
w\og{b(no)/cio),  with  b{r)o)  ^  4r]o(\  -  r/o).  The  resultant 
behavior  is  intermediate  between  the  strong  and  weak  scat¬ 
tering  limits  of  the  ^/-wave  transport,  as  shown  by  a  nu¬ 
merical  calculation  of  the  Q  —  0  limiting  quasiparticle  con¬ 
ductivity  a{T)  displayed  in  Fig.  3.  From  an  experimental 
point  of  view  (for  rjo  =  0.25,  T  >  cOc  -  0. 1),  the  conduc¬ 
tivity  may  appear  quite  close  to  a  form  cr  ^  ares  ^  AT j  with 
ares,  A  ~  1 1  Hi.  It  is  intriguing  to  note  that  this  is  the  form 
found  by  Bonn  et  al  [14]  in  microwave  measurements  on 
Zn-doped  YBCO  crystals,  although  the  same  group  found 
in  later  work  that  the  residual  conductivity  ares  disappears 
with  removal  of  twin  boundaries  [15].  A  more  detailed  anal¬ 
ysis,  including  inelastic  scattering,  of  the  frequency  and  im¬ 
purity  concentration  dependence  of  transport  coefficients  is 
necessary  before  defnitive  conclusions  can  be  drawn  [16]. 

Microwave  response  of  d-wave  superconductor 

For  the  remainder  of  this  talk  I  will  discuss  the  microwave 
and  optical  response  to  be  expected  of  a  ^/-wave  supercon¬ 
ductor.  The  ^  =  0  electromagnetic  response  of  the  system 
to  an  applied  vector  potential  A(Q)  is  given  by 

j(a)  =  -^(n)A(n)  =  -[A;,(n)  -  ^]A(n),  (3) 

where 

♦*  — 

=<  liif  >  (n)  ( - )x  (4) 

(M  J dl^kT  Y^tr  g(k,  cujgdt,  -  Hm))*  lin„,-n+io+  • 

The  Green's  functions  in  eqn  (4)  are  those  given  in  eqn  (1) 
with  self-energies  given  by  eqn  (2)  plus  additional  lifetimes 
associated  with  electron-electron  scattering  within  a  one- 
paramagnon  exchange  approximation.  The  Hubbard  inter¬ 
action  U  is  fixed  to  give  a  good  account  of  normal  state 
properties,  particularly  nuclear  magnetic  relaxation  rate  and 
DC  resistivity,  i.e.  \lTe-ei(JO  =  0,  Tc)  ^  ITc  [17].  In  the  d- 
wave  state  for  T  ^  Toy  the  inelastic  scattering  rate  is  found 
to  vary  as  ~  max{T,  co)^  [17]-the  same  as  for  an  ordinary 
Fermi  liquid  below  its  degeneracy  temperature,  plus  one  ad¬ 
ditional  factor  of  r  or  CO  to  account  for  the  linearly  varying 
number  of  charge  carriers.  Thus  at  the  lowest  temperatures 
and  frequencies  the  quasiparticle  lifetime  is  dominated  by 
impurities  alone. 

Penetration  depth 

The  London  penetration  depth  is  given  by  Xi(T)  = 
[(4tt/c)Ku(Q  =  For  applied  magnetic  field  in 

the  basal  plane,  the  low  temperature  penetration  depth 
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Fig.  4.  Comparison  of  Zn-doped  YBCO  penetration  depth  data 
from  Ref.  [14]  with  dirty  i/-wave  theory. 


T/Tc 


Fig.  5.  Comparison  of  YBCO  microwave  conductivity  data 
(Ref  [14])  with  theory. 


reflects  the  low  frequency  density  of  states  N{od)  ^  cv  for 
all  three  states  (a)-{c)  of  Fig.  1  in  the  absence  of  disorder. 
Both  (b)  and  (c)  will  display  a  disorder-induced  crossover 
in  MT)  =  Ao  +  S\{T}y  5MT)  T  below  an  energy 
scale  r*  oc  due  to  the  formation  of  the  “impurity 

band"  (resonance)  at  low  energies  [4-^].  In  Fig.  4,  I  show 
a  fit  of  the  dirty  ^/-wave  model  based  on  a  full  numerical 
evaluation  [18]  of  eqns  (3)  and  (4)  in  the  strong  scatter¬ 
ing  limit  c  =  0  to  data  of  the  UBC  group  on  Zn-doped 
YBCO  single  crystals  [19].  The  T  -*  crossover  is  clearly 
visible  at  the  lowest  temperatures,  while  at  least  in  the 
cleanest  samples  there  is  an  intermediate  temperature  range 
r*  <  T  ^  Tc  which  can  still  be  identified  with  a  linear- T 
behavior.  This  is  one  of  the  clearest  signatures  of  resonant 
scattering,  which  only  broadens  the  low-lying  quasiparticle 
states.  Similar  concentrations  of  Ni  appear  to  produce  little 
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effect  on  <5A(r). 

It  should  be  noted  that  the  fits  shown  in  Fig.  4  are  per¬ 
formed  by  adding  an  arbitrary  constant  to  the  penetration 
depth  data,  since  the  experiments  are  unable  to  measure  the 
absolute  value  of  A  itself.  A  check  of  the  resonant  scatter¬ 
ing  model  one  would  like  to  make  on  these  data,  namely 
the  predicted  scaling  of  Ao  with  impurity  concentration,  is 
therefore  impossible  from  these  experiments.  However  Kiefl 
et  ai  [20]  have  determined  the  absolute  scale  of  A  in  ^SR 
experiments  on  the  same  samples  as  those  shown  in  Fig.  4. 
They  report  a  Ao  of  1490^,  and  believe  the  difference  in  Ao 
between  the  nominally  pure  and  the  0.31%  Zn  sample  to  be 
roughly  50  A,  surprisingly  close  to  the  fit  result  of  --  0.04Ao . 


Microwave  conductivity 

Any  model  of  impurity  scattering  in  a  superconduc¬ 
tor  which  leads  to  a  residual  densty  of  states  A^(0),  e.g. 
.s-wave  potential  scattering  in  fi-wave  or  extended  .y-wave 
states,  will  qualitatively  account  for  the  increase  of  the 
zero-temperature  penetration  depth  with  disorder  and  the 
concomitant  creation  of  a  term  in  the  penetration  depth. 
The  real  part  of  the  conductivity  is  a  more  sensitive  test 
of  any  such  model,  however,  since  it  probes  the  quasiparti¬ 
cle  relaxation  time  directly.  The  conductivity  in  the  “pure 
regime”  of  the  ^/-wave  superconductor  T*  <  T  7^  may 
be  cast  [18]  in  the  familiar  form, 

—  00 

i.e.  a  “Drude-like”  transport  expression  for  free  fermions 
with  density  of  states  N(w)  and  one-body  relaxation  time 
1  /  t(cu),  as  anticipated  by  Bonn  et  al  on  phenomenological 
grounds.  One  should  be  able  therefore  to  reproduce  the  peak 
in  the  conductivity  observed,  because  in  the  hydrodynamic 
limit  one  has  or  ~  HqpT,  which  varies  as  ~  l/J^  at  temper¬ 
atures  not  too  far  below  Tc,  when  inelastic  scattering  dom¬ 
inates  and  Hqp  ^  n,  and  as  at  low  T,  where  impurities 
are  important.  The  famous  conductivity  peak  [21]  observed 
in  clean  samples  around  7  O.STc  is  a  simple  consequence 
of  this  crossover.  The  prediction  of  a  low- 7  7^  variation  is 
apparently  at  odds  with  experiments  in  the  clean  limit  [15], 
however.  Because  the  inelastic  scattering  rate  starts  at  Tc  so 
much  larger  than  the  impurity  scattering  rate,  in  the  clean¬ 
est  cases  this  discrepancy  is  confined  to  an  unobservably 
small  temperature  range,  as  shown  in  Fig.  5  [18].  Note  that 
the  choice  of  parameters  in  this  case  is  not  an  independent 
fit,  but  is  fixed  by  the  previous  fit  to  penetration  depth  data 
on  the  same  sample.  However  the  variation  with  increased 
frequency  and  Zn  doping  is  not  correctly  described  by  the 
theory,  and  the  discrepancy  between  7  and  7^  at  low  tem¬ 
peratures  becomes  more  apparent  [18]. 


ro 
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Fig.  6.  Optical  conductivity  for  state  in  resonant  impurity 

scattering  limit,  inelastic  1/t. 


Optical  conductivity 

It  is  of  course  possible  within  the  same  model  to  calculate 
the  optical  conductivity  [22-25].  The  inelastic  scattering  rate 
within  the  weak-coupling  Hubbard  picture  is  then  found  to 
be  linear  above  and  varying  as  maxioo,  7)^  as  cu  —  0  be¬ 
low  a  crossover  scale  of  roughly  3Ao  [17].  This  scale  may  be 
understood  as  the  energy  needed  to  create  a  single  quasi¬ 
particle  excitation  scattering  off  a  quasiparticle-quasihole 
pair,  and  leads  to  a  threshold  in  1/t  in  the  isotropic  5- wave 
case  at  3A,  as  pointed  out  by  Orenstein  et  al  [26],  Varma 
et  al  [27]  and  more  recently  by  Coffey  and  Coffey  [28].  To 
create  light  absorption  in  such  a  state  by  inelastic  processes 
requires  an  energy  4Ao,  2Ao  to  create  the  quasiparticle- 
quasihole  pair,  and  a  second  2Ao  to  scatter  off  a  spin  fluc¬ 
tuation.  This  leads  to  a  feature  in  the  optical  conductivity 
centered  at  4Ao,  and  of  course  considerably  broadened  in 
the  i/-wave  state  (Fig.  6)  due  to  the  gap  nodes.  It  is  intrigu¬ 
ing  to  note  that  this  feature  occurs  at  roughly  the  energy  of 
the  mid-infrared  band  at  1000  cm"*  in,  e.g.  YBCO7,  which 
has  been  most  recently  associated  with  interband  processes 
unaffected  by  superconductivity.  In  YBCO7,  this  feature  ap¬ 
pears  only  below  7c,  a  fact  which  would  find  a  natural 
explanation  within  the  context  of  this  model.  However  at 
present  the  measured  conductivity  at  1000  cm"*  is  a  factor 
of  2  higher  than  the  prediction.  This  discrepancy  is  actually 
well  known  from  comparisons  of  marginal  Fermi  liquid  the¬ 
ory,  which  produces  a  self-energy  in  the  normal  state  very 
similar  to  that  of  our  model,  with  optical  data  [29]. 

At  low  frequencies  Fig.  6  shows  the  appearance  of  a  nar¬ 
row  “residual  Drude”  feature  in  the  superconducting  state 
due  to  scattering  off  excited  nodal  quasiparticles  at  finite 
temperature  [25].  In  the  resonant  impurity  scattering  case, 
however,  there  should  be  spectral  weight  at  D  =  0  even  at 
zero  temperature.  The  values  of  the  impurity  scattering  pa¬ 
rameters  required  to  match  the  width  of  the  residual  Drude 
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features  in  experiment  are  significantly  larger  than  those  de¬ 
duced  for  clean  samples  from  microwave  measurements. 


CONCLUSIONS:  ASSESSMENT  OF  “DIRTY 
(/-WAVE”  THEORY 

Measurements  on  YBCO  crystals  below  Tc  which  depend 
directly  on  the  quasiparticle  density  of  states,  such  as  mi¬ 
crowave  penetration  depth  and  NMR  relaxation,  appear  to 
be  well-described  by  the  “dirty  (/-wave  model”.  Systematic 
Zn  and  Ni  doping  studies  of  both  A  and  7]  can  be  quan¬ 
titatively  fit  to  the  predictions  of  the  theory  if  the  discrep¬ 
ancies  between  Zn  and  Ni  pairbreaking  rates  are  assumed 
to  originate  from  the  different  strengths  of  scattering  of  the 
two  impurities  in  the  superconducting  state.  Recent  electron 
irradiation  experiments  appear  to  create  planar  oxygen  de¬ 
fects  leading  to  similar  behavior  [32].  An  important  excep¬ 
tion  to  this  trend  is  the  specific  heat,  where  a  linear- T  term 
in  the  superconducting  state  corresponding  to  a  residual 
density  of  states  iV(0)  an  order  of  magnitude  larger  than 
those  extracted  from  microwave  measurements  on  similar 
crystals  has  been  observed.  This  value  appears  to  be  very 
sensitive  to  twinning  and  interplane  defects  which  do  not 
influence  the  penetration  depth,  however,  and  it  therefore 
appears  possible  that  accounting  for  extrinsic  effects  of  this 
type  will  allow  one  to  describe  the  specific  heat  work  within 
the  same  general  picture  [33]. 

Recent  BSSCO  ARPES  measurements  [12],  while  subse¬ 
quently  retracted,  raise  the  question  of  the  extent  to  which 
these  experimental  results  can  be  equally  well  understood 
in  the  framework  of  an  extended  s-wave  state.  Although 
such  a  state  does  not  allow  for  resonant  scattering  [10,11], 
and  will  therefore  not  lead,  e.g.  to  a  separation  of  energy 
scales  over  which  “clean”  and  “dirty”  behavior  is  observed, 
e.g.  the  T  crossover  in  the  penetration  depth  in  clean 
samples,  it  is  not  currently  clear  whether  such  distinctions 
can  really  be  observed  in  experiment.  Increasing  disorder 
will  lead  to  an  increasing  residual  density  of  states  much 
as  in  the  dirty  (/-wave  picture.  However,  eventually  disorder 
should  induce  the  opening  of  a  true  energy  gap  in  the  spec¬ 
trum  at  a  critical  concentration  n/c,  in  contrast  to  the  (/-wave 
case  [10,1 1].  This  would  be  a  clear  signature  of  .s-pairing. 

Comparisons  of  “dirty  (/-wave  theory”  with  transport 
properties  are  less  clear.  Interpretations  of  microwave  con¬ 
ductivity  measurements  are  typically  complicated  by  the 
presence  of  a  residual  conductivity  a{Q.,T  0)  much 
larger  than  the  “universal”  residual  conductivity  Obo  - 
n^lnAo  predicted  for  a  (/-wave  state.  Despite  some  evi¬ 
dence  that  this  term  becomes  much  smaller  with  detwinning 
[1 5],  large  values  continue  to  be  reported  even  for  untwinned 
samples  [34].  Furthermore,  the  prediction  of  the  (/-wave 
model  for  the  temperature  dependence,  a(T)  aoo  +  aT'^, 
is  not  observed  in  experiment;  instead,  a  linear- T  behavior 
is  usually  reported.  This  suggests  that  the  frequency  depen¬ 
dence  of  the  t-matrix  may  not  be  treated  correctly  in  the 


current,  certainly  oversimplified  version  of  the  theory. 

A  potential  problem  with  the  theory  which  deserves  fur¬ 
ther  attention  is  the  predicted  Tc  supression,  which  in  the 
(/-wave  case  is  identical  to  the  standard  Abrikosov-Gorkov 
(AG)  result  with  pairbreaking  parameter  Fat  =  r/(l  +  c^). 
Some  comparisons  of  Tc  vs.  piT)  in  damaged  YBCO  sam¬ 
ples  suggest  that  Tc  is  considerably  more  robust  [35].  The 
experimental  situation  is  not  yet  clear,  however:  recent  mea¬ 
surements  on  electron-damaged  samples  show  Tc  supres- 
sions  only  a  factor  of  two  different  from  the  AG  prediction 
[32].  From  a  theoretical  standpoint,  Eliashberg  calculations 
suggest  that  a  slightly  renormalized  AG  expression  is  cor¬ 
rect  even  in  the  presence  of  strong  inelastic  scattering  [36], 
but  this  conclusion  appears  to  follow  only  if  the  bosons 
causing  pairing  are  the  same  as  those  causing  scattering, 
which  need  not  be  the  case.  My  view  is  that  attempts  to 
correlate  predictions  of  the  dirty  (/-wave  model  in  the  low- 
T  state  (where  off-diagonal  order  is  well  developed)  to  a 
poorly  understood  instability  criterion  (for  the  rather  pecu¬ 
liar  normal  state)  are  dangerous  at  this  time. 

One  final  difficulty  with  the  theory  may  be  giving  us  im¬ 
portant  hints  about  how  impurities  are  perturbing  the  su¬ 
perconductor.  The  impurity  scattering  rates  deduced  from 
fits  to  penetration  dept  measurements  appear  to  be  a  factor 
of  3-5  smaller  than  those  one  would  deduce  from  compar¬ 
ison  to  normal  state  transport  data  on  Zn-doped  YBCO 
[37],  or  from  the  width  of  the  residual  Drude  feature  in  the 
optical  conductivity  at  low  temperatures  [38].  This  suggests 
that  a  somewhat  better  fit  can  be  obtained  by  considering 
scattering  phase  shifts  somewhat  away  from  TXjl.  The  fact 
that  Zn  and  Ni  lead  to  very  similar  changes  in  DC  resistiv¬ 
ity  but  affect  the  superconducting  state  in  dramatically  dif¬ 
ferent  ways,  however,  indicates  that  this  deviation  from  the 
unitarity  limit  is  a  dynamical  one,  which  depends  on  how 
the  impurity  ion  influences  the  superconductivity  around 
the  impurity  site. 
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Abstract — We  argue  that  strongly  correlated  two  dimensional  electrons  form  a  spin  liquid  in  some  re^mes 
of  density  and  temperature  and  give  the  theory  of  the  magnetic  properties  of  this  spin  liquid  using  a 
representation  in  terms  of  fermions  interacting  with  a  gauge  field.  We  show  that  this  state  is  characterized  by 
anomalous  power  law  spin  correlations  and  discuss  the  implications  of  these  correlations  for  the  temperature 
dependence  of  NMR  relaxation  rates  IfTy  and  1/72  and  for  the  uniform  susceptibility.  We  also  discuss 
the  transition  from  the  spin  liquid  to  antiferromagnet  and  the  critical  behavior  of  these  properties  at  the 
transition.  We  compare  these  theoretical  results  with  data  on  high  Tc  superconductors.  Finally,  we  discuss 
the  formation  of  a  spin  gap  due  to  the  spin  exhange  interaction  between  adjacent  layers  in  bilayer  materials. 


Keywords:  spin  liquid,  gauge  field,  NMR,  spin  gap. 


In  this  paper  we  discuss  the  properties  of  an  intermedi¬ 
ate  magnetic  phase  which  may  be  sandwiched  between  the 
Fermi  liquid  and  antiferromagnet  in  strongly  correlated  two 
dimensional  electron  systems.  If  the  concentration  of  elec¬ 
trons  is  low  and  the  interaction  between  them  is  weak,  the 
electrons  form  a  Fermi  liquid.  If  the  band  is  half-filled  and 
the  interaction  between  electrons  is  strong  the  system  is  an 
insulating  antiferromagnet.  As  the  interaction  between  elec¬ 
trons,  W,  and  their  density  is  varied  the  system  evolves  from 
a  Fermi  liquid  to  an  antiferromagnet.  There  are  at  least  two 
scenarios  for  this  evolution  [1]: 

•  There  is  just  one  transition  leading  directly  from  the 
Fermi  liquid  to  the  antiferromagnet.  In  the  Fermi  liq¬ 
uid  near  the  transition  line  the  antiferromagnetic  spin 
fluctuations  have  a  small  but  non-zero  gap.  At  the  en¬ 
ergy  scales  larger  than  the  gap  the  critical  spin  fluctua¬ 
tions  lead  to  non-Fermi  liquid  exponents  in  the  Green 
function  and  spin  response  of  the  electrons.  The  low 
energy  properties  (at  energies  smaller  than  the  antifer¬ 
romagnetic  spin  fluctuation  gap)  of  the  fermion  quasi¬ 
particles  are  not  qualitatively  different  from  those  of 
the  free  electrons. 

•  The  evolution  from  the  Fermi  liquid  to  the  antiferro¬ 
magnet  goes  through  the  intermediate  state  as  shown 
in  Fig.  1.  In  this  intermediate  state  Fermi  liquid  theory 
is  not  a  correct  description  of  the  low  energy  properties 
even  far  from  criticality.  One  theoretical  realization  of 
such  an  intermediate  state  is  known  as  a  “spin  liquid’’ 
[2].  A  spin  liquid  possesses  a  Fermi  surface,  spin  1/2 
fermionic  excitations  with  constant  density  of  states 
at  low  energies  and  a  particle-hole  continuum  but  the 
fermions  interact  via  a  singular  interaction  mediated 
by  the  gauge  fleld.  As  discussed  below  the  singular  in- 


which  transition  to  the  antiferromagnet  happens  through  the  inter¬ 
mediate  spin  liquid  phase.  T  is  temperature  and  W  is  interaction 
constant. 

teraction  causes  anomalous  temperature  dependence 
of  the  susceptibilities  and  NMR  relaxation  rates  for  a 
range  of  values  of  density  or  interaction. 

The  evolution  from  the  Fermi  liquid  to  the  antiferromag¬ 
net  is  realized  experimentally  when  the  doping  is  varied  in 
high  Tc  materials.  As  discussed  elsewhere  [3],  the  available 
experimental  data  on  the  magnetic  properties  of  these  mate¬ 
rials  in  the  “underdoped”  regime  are  incompatible  with  the 
theoretical  predictions  for  the  critical  behavior  in  the  Fermi 
liquid  scenario.  In  this  paper  we  focus  on  the  theoretical 
predictions  [4]  for  the  “spin-liquid”  scenario.  We  begin  with 
the  sketch  of  the  theoretical  reasoning  [5]  leading  to  these 
predictions. 

Our  starting  point  for  the  description  of  the  spin  liquid 
is  a  Hamiltonian,  H  -  Hfl  +  Hgauge,  where  Hfl  describes 
fermions  moving  in  a  lattice  and  interacting  with  each  other 
via  a  short  range  four  fermion  interaction  W: 

Hfl  ~  ^  6^^, a 6^/1  a  +  IF  ^  -q.fi  (1) 

P<^  p,p'.q,€(,fi 
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and  Hgauge  describes  the  gauge  field  and  its  coupling  to  the 
fermions: 

gauge  ~  ^  ^hy^P)^p-k!2.c<^P+kll,(x  +  ^2  ^ 

pXa  k 


Here  go  is  the  bare  fermion-gauge  field  interaction  constant, 
a  =  1, ...  iV  is  a  spin  index.  In  the  physical  spin  liquid 
N  =  2;  however,  to  obtain  analytical  results  we  consider  the 
limits  N  and  N  -*  oo  and  interpolate  between  them  [5]. 

Perturbation  theory  in  go  leads  immediately  to  two  effects, 
(i)  The  gauge  field  propagator  becomes 


D((jo,  k)  = 


1 


iV/?Q|aj| 

2TT\k\ 


+ 


jVl/2^2 


(3) 


Here  the  first  term  in  the  denominator  is  due  to  Landau 
damping  of  the  gauge  field,  is  the  curvature  of  the  Fermi 
surface  at  the  point  where  the  normal  to  the  Fermi  line  is 
perpendicular  to  k  and  g^  =  (ii)  Using  the  gauge- 

field  propagator  to  calculate  the  self  energy  one  finds  [6] 


=  -i 


COo 


1  yivrgt 
2V3/  tt^pq 


(4) 


which  dominates  fermion  Green  function  at  energies  less 
than  tt)o. 

From  the  gauge  field  propagator  (3)  it  is  clear  that  typ¬ 
ical  scattering  involves  typical  momentum  transfer  k  oc 
^1/2  ^2/3  processes  change  only  slightly  the  direction 

v/r  in  which  the  fermion  propagates.  In  the  cartesian  coordi¬ 
nates  associated  with  vf  the  Green  function  of  the  fermion 
becomes 

"  S(‘)(e)  -Vf[/;||  +p\l(2po)] 

Due  to  the  large  momentum  transfer  in  the  limit  N  — 
00  the  curvature  of  the  Fermi  line  becomes  important  and 
higher  order  terms  of  the  perturbation  theory  are  small  in 
1  /  AT  [5].  This  is  reminiscent  of  the  Migdal  theorem  in  con¬ 
ventional  electron-phonon  problem.  In  an  alternative  limit 
of  ^  0  the  curvature  of  the  Fermi  line  is  unimportant 
and  the  dependence  of  the  fermion  Green  function  on  the 
momentum  px  can  be  neglected.  In  this  limit  higher  order 
diagrams  become  the  same  as  in  a  one-dimensional  theory 
which  can  be  solved  by  bosonization  [7].  The  results  ob¬ 
tained  by  this  method  are  qualitatively  different  from  the  re¬ 
sults  of  the  I  IN  expansion:  the  power  laws  predicted  in  the 
1  /N  expansion  (see  below)  are  converted  into  more  rapid 
exponential  dependences.  However,  the  bosonization  is  only 
valid  in  the  strict  A'  —  0  limit,  at  any  fixed  non-zero  N  1 
the  curvature  terms  become  eventually  important.  We  have 
obtained  the  leading  behavior  of  the  physical  quantities  at 
fixed  N  «:  1  using  Ward  identities.  It  turns  out  that  this  be¬ 
havior  is  qualitatively  more  similar  to  the  behavior  at  A”  » 
1  than  to  exponentially  rapid  dependencies  of  N  -*  0  limit. 
Since  the  properties  in  the  limits  N  »  1  and  A^  1  are 
similar,  but  the  latter  case  is  more  technically  difficult  we 
will  mainly  focus  on  the  A'  »  1  limit  in  this  paper. 


In  this  limit  direct  calculations  show  that  at  general  wave¬ 
length  Iql  ^  2pf  response  functions  of  the  spin  liquid  are 
very  similar  to  properties  of  the  Fermi  liquid  [5]  because  of 
the  small  phase  volume  available  for  virtual  processes  which 
leave  both  fermions  with  momentum  transfer  p  +  q  +  k  and 
p  +  k  close  to  the  Fermi  surface.  The  effects  of  the  gauge 
field  on  the  fermion  vertices  with  large  momentum  transfer 
are  more  interesting.  The  situation  changes  drastically  for 
1^1  close  2pf.  In  this  case  a  virtual  process  with  momen¬ 
tum  transfer  q  along  the  Fermi  surface  leaves  both  fermions 
with  momenta  p  -I-  q  +  k  and  p  +  k  near  the  Fermi  surface. 
The  leading  contribution  in  \/N  to  the  fermion  spin  fluc¬ 
tuation  vertex  Tq  is  logarithmically  divergent  at  g  =  2pf; 
we  find  that  higher  powers  of  N  contain  higher  powers  of 
logarithms;  we  were  able  to  sum  these  logarithms  using  a 
renormalization  group  method  obtaining  [5]  power  law  sin¬ 
gularities  in  ^2pf' 


(6) 


The  exponent  a  can  be  calculated  in  the  limits  N  ^  oo  and 
A^  —  0.  Extrapolation  of  the  results  obtained  in  these  limits 
to  the  physical  case  N  =  2  gives  the  estimates  1/4  <  a  < 
3/4. 

The  singularity  of  the  vertex  means  that  the  calculation 
of  the  partcle-hole  susceptibility  must  be  reconsidered.  The 
change  in  the  fermion  Green  function  and  the  singularity  of 
the  2pf  vertex  have  profound  effects  on  the  fermion  polar¬ 
ization  operator  n(a),  q).  This  effect  is  especially  interesting 
if  (T  >  1/3.  In  this  case,  the  polarization  operator  becomes 
singular  at  |q|  =  2pf  ring  in  the  momentum  space  [5]: 


n(a),q)  - 


1 

+  Ck 


(  \\q\-1pf\vf 
\  m 


(7) 


The  full  susceptibility  x  is  obtained  by  combining  the  irre¬ 
ducible  bubble  n  with  the  short-range  four  fermion  vertex 
W,  We  have  shown  [5]  that  the  gauge-field  interaction  renor¬ 
malizes  a  sufficiently  weak  initial  W  to  zero,  so  = 

11(0),  k)  Thus,  in  this  case,  the  susceptibility  is  singular  in 
momentum  space  for  a  wide  range  of  W  and  density. 

The  divergence  of  the  susceptibility  at  co  =  0,  g  =  2pF 
results  in  a  strong  temperature  dependence  of  the  NMR 
relaxation  rates  which  are  given  by  summing  the  appropriate 
combinations  of  susceptibilities  over  momenta  [4]: 


1  nPFPo^U^ 
TiT~  vf 


(-) 

Vcoo/ 


■2cr 


(8) 


If  O’  <  1/2,  the  rate  ‘  is  non  divergent  and  if  0“  >  1/2, 


1  ^2 

T2  \  coo  / 


(9) 


Here  a  is  the  lattice  constant.  For  the  uniform  susceptibility 
we  found 


Xu  =  const  +  Dq  (T I cjoo)^'^^ 


(10) 
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where  is  a  constant  of  order  whose  sign  is 

positive  for  repulsive  W  and  negative  for  attractive  W.  The 
exponent  iS(iV’)  =  ~ 

NMR  experiments  on  Lai-xSvxCuO^  have  shown  that 
the  copper  Ti  rates  has  the  temperature  dependence 
c«(7|7’)-i  ^  7^-1  for  ioOA:  <  T  <  500K  [8].  The  uni¬ 
form  susceptibility  is  given  by  x  ~  const  +  at  least  for 
150A^  <  T  <  400 A'  [9].  The  strongly  coupled  spin  liquid 
results  with  cr  «  2/3  are  in  agreement  with  these  data. 
However,  the  recent  data  show  [10]  that  1/72  in  this  mate¬ 
rial  scales  as  1/(71 7)  in  the  temperature  range  100-300  K, 
which  is  not  consistent  with  the  weaker  dependence  (9). 

Note  that  there  is  a  fundamental  difficulty  in  comparing 
quantitatively  the  theoretical  predictions  with  data.  All  such 
predictions  for  the  spin  liquid  or  alternative  scenarios  imply 
that  an  asymptotic  low  temperature  behavior  is  reached.  At 
high  temperatures  non-universal  properties  such  as  details 
of  the  band  structure  becomes  important.  In  fact,  the  exist¬ 
ing  data  cover  only  a  limited  range  of  temperatures  and  can 
be  fitted  in  different  ways.  Therefore,  it  is  very  important 
that  the  measurements  be  extended  to  as  low  temperatures 
as  possible,  especially  on  materials  which  do  not  display 
spin  gaps  or  superconductivity  down  to  low  temperatures. 

Underdoped  bilayered  cuprates  are  known  to  exhibit  a 
“spin  gap”  phenomena  in  a  broad  temperature  range  Tc  < 
T  <  Tsg  with  Tsg  »  150  The  theory  of  this  phenomena 
in  the  spin-liquid  scenario  is  given  by  the  Cooper  pairing  of 
spinons  on  different  planes  [11].  This  pairing  results  from 
the  antiferromagnetic  interaction  between  the  planes  H  = 
enhanced  by  long  ranged  spin  correlations  in 
each  plane  [12,13].  Formally,  in  the  regime  of  strong  inter¬ 
action  with  the  gauge  field  the  effective  interaction  between 
spinons  becomes  dressed  by  large  corrections  given  in  eqn 
(6)  [14].  Due  to  the  singular  momentum  dependence  of  the 
vertex  (6)  the  gap  equation  is  almost  one  dimensional,  i.e. 
Cooper  pairing  occurs  almost  independently  on  different 
parts  of  the  Fermi  line.  Therefore,  the  gap  opens  first  only 


at  a  small  patch  of  the  Fermi  line  and  spreads  to  the  rest 
of  the  Fermi  line  only  at  lower  temperatures.  The  pairing 
energy  is  only  weakly  sensitive  to  the  symmetry  of  the  gap 
function.  In  the  absence  of  local  repulsion  between  spinons 
the  5-state  has  somewhat  lower  energy,  but  such  repulsion, 
induced,  e.g.  by  incoherent  tunneling  of  spinons  from  one 
plane  to  another,  would  favor  the  ^/-state  symmetry. 

Another  direct  application  of  the  gauge  theory  discussed 
in  this  paper  is  to  the  v  =  1/2  Quantum  Hall  state  in  the 
2D  electron  gas  if  the  Coulomb  interaction  were  screened, 
e.g.  by  a  metallic  gate,  in  this  case  the  charge  response  at 
IpF  would  be  very  singular. 
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Abstract — We  describe  the  evolution  of  the  spectral  density  as  we  dope  a  Mott  insulator  vrithin  a  dynamical 
mean  field  method.  After  giving  an  intuitive  description  of  this  Local  Impurity  Self-Consistent  Approximation 
(LISA)  for  a  model  with  several  orbitals  per  unit  cell,  we  illustrate  its  implementation  in  the  context  of  the 
Hubbard  model  in  infinite  dimensions.  For  this  purpose  a  new  iterative  perturbation  theory  (IPX)  scheme  is 
introduced  and  compared  with  results  from  exact  diagonalization. 


1.  INTRODUCTION 

The  evolution  of  spectral  functions  near  a  Mott  transition 
is  a  long  standing  problem  in  the  physics  of  strongly  in¬ 
teracting  fermions.  Recently  some  progress  has  been  made 
using  a  dynamical  mean  field  method.  This  approach  dates 
back  to  the  mid  seventies  under  names  such  as  dynamical 
coherent  potential  approximation  (CPA)  or  local  approxi¬ 
mation.  It  received  substantial  attention  following  the  pio¬ 
neering  paper  of  Metzner  and  Vollhardt  [1]  pointing  out  the 
correct  scaling  of  the  hopping  integrals  necessary  to  obtain 
a  well  defined  limit  of  large  lattice  coordination. 

A  very  useful  formulation  of  the  mean  field  approach 
is  based  on  viewing  a  lattice  model  impurity  embedded 
in  a  medium  obeying  a  self-consistency  condition.  For  the 
Hubbard  model,  the  corresponding  impurity  model  is  the 
Anderson  model  [2].  Other  models  of  strongly  correlated 
electrons  are  associated  with  other  impurity  models  subject 
to  different  self-consistency  conditions  [3]. 

This  method  is  very  powerful  because  several  numerical 
and  analytical  techniques  which  have  been  developed  to  an¬ 
alyze  impurity  models  over  the  years  can  be  implemented 
to  solve  the  mean  field  equations.  Several  approaches  have 
been  used  successfully  for  this  purpose:  qualitative  analy¬ 
sis  of  the  mean  field  equations  [2],  quantum  Monte-Carlo 
methods  [4-6],  iterative  perturbation  theory  [2,7],  exact  di¬ 
agonalization  methods  [8],  and  the  projective  self-consistent 
method,  a  renormalization  technique  [9]. 

In  this  note  we  present  a  pedagogical  discussion  of  the 
main  ideas  behind  the  mapping  from  lattice  onto  impurity 
models  stressing  the  generality  of  the  approach  and  its  in¬ 
tuitive  character.  Then,  we  will  review  some  aspects  of  the 
evolution  of  the  spectral  function  of  the  Mott  insulator  at 
low  temperatures.  In  this  context  a  new  scheme  which  al¬ 
lows  to  perform  iterative  perturbation  theory  away  from 
half  filling  will  be  introduced  and  compared  with  results 
from  exact  diagonalization. 


2.  FROM  LATTICE  MODELS  TO  IMPURITY 
MODELS 

The  starting  point  of  this  section  is  a  lattice  model  of 
strongly  correlated  electrons  containing  various  orbitals  per 
unit  cell.  We  use  a  compact  notation  where  the  index  a  = 
{m,  a)  combines  the  orbital  m  and  the  spin  a.  The  starting 
Hamiltonian,  which  could  in  principle  be  obtained  from 
an  ab  initio  constrained  LDA  calculation  after  a  suitable 
folding  to  low  energies  as  in  Ref.  [10]  or  from  physical 
considerations  is  assumed  to  be  of  the  form: 

^lattice  — 

iij) 

i 

+  (1) 

i 

Now  we  focus  on  a  single  unit  cell  and  integrate  out 
all  degrees  of  freedom  except  for  those  which  reside  in  the 
selected  unit  cell.  These  are  described  by  operators  Coi  and 
no  longer  carry  a  site  index.  The  dynamics  of  the  resulting 
problem  are  described  by  an  impurity  model  which  describes 
an  impurity  c«  coupled  to  a  bath  of  fermions  (at^)  (see 
Fig.  1): 

-^mp  “  {Epip  —  +  ^^YfxpySC^CpCy  Cs 

ap  i 

+  S  +  X ( +  h.c.)  (2) 

bfi  k 

From  the  impurity  model  we  can  obtain  all  the  local 
correlation  functions,  since  by  construction  the  local  lattice 
Green’s  functions  are  identical  to  the  impurity  Green’s  func¬ 
tion  G  =  We  use  a  matrix  notation  so  that  the  local 

Green’s  function  is  given  by 

C?«./^(T-T')  =  -(rrC«(T)c^(T')>  (3) 
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Fig.  1.  Illustration  of  the  unit  cell  containing  the  local  degrees  of 
freedom  and  the  rest  of  the  crystal  treated  as  a  bath.  In  the  selected 
unit  cell,  different  correlated  configurations  are  fluctuating.  Non 
interacting  electrons  describe  the  effective  medium. 


This  should  be  viewed  as  a  functional  of  the  parameters 
Ebii  and  14^,  «•  To  determine  these  parameters  we  construct 
the  “Weiss  field”  which  describes  the  effect  of  the  rest  of 
the  electrons  on  the  selected  cell,  =  {i(x>n  +  At)  /  - 

£  -  (Zft/i  energy  of  the  impurity, 

X(w«)  =  viewed  as  a  functional  of 

Ebu  and  Vbii^  These  parameters  are  determined  by  requiring 
that  the  bath  and  the  local  degrees  of  freedom  describe  the 
electrons  in  the  original  lattice  problem.  Namely  we  can 
construct  the  local  Green’s  function  from  the  lattice  Green’s 
function  obtained  by  adding  a  k  independent  self  energy  to 
the  non  interacting  lattice  Green’s  function  (obtained  from 
eqn  (1)  by  setting  the  interaction  terms  to  zero)  or  from  the 
impurity  model. 

^(zco„  +  ii)l  -hk)  - 

Notice  that  the  mean  field  equations  for  all  the  models 
in  [3]  are  particular  cases  of  eqns  (2)  and  (4). 


G(zcOrt)  =  ^ 
k 


(4) 


3.  IPT  AWAY  FROM  HALF  FILLING 

To  make  progress  one  needs  a  practical  and  accurate  tech¬ 
nique  for  solving  the  system  of  eqn  (4).  The  computational 
requirements  of  the  exact  diagon^ilization  and  the  quantum 
Monte-Carlo  methods  are  such  that  they  can  only  be  im¬ 
plemented  for  very  simple  Hamiltonians.  To  carry  out  real¬ 
istic  calculations  it  is  necessary  to  have  an  accurate  but  fast 
algorithm  for  solving  the  Anderson  impurity  model.  Here 
we  introduce  a  new  perturbative  method  and  illustrate  it  by 


applying  it  to  the  Hubbard  model  (one  band  per  unit  cell) 
away  from  half  filling. 

The  approach  is  in  the  spirit  of  the  iterative  perturbation 
theory  approach  introduced  in  [7,12].  The  key  idea  is  to 
search  for  a  self  energy  as  a  functional  of  the  “Weiss  field” 
such  that  the  self  energy  expression  becomes  exact  both 
in  the  weak  and  in  the  strong  coupling  limit.  Moreover,  it 
should  have  the  correct  behavior  both  at  small  and  at  large 
frequencies.  The  naive  extension  of  the  method  originally 
proposed  for  half  filling  fails  to  give  reasonable  results  for 
finite  doping.  However,  we  propose  a  generalization  to  arbi¬ 
trary  filling  by  constructing  a  self  energy  expression  which 
has  the  correct  behavior  in  the  limits  discussed  above; 


(2) 


^o(I-Wq) 


Sr(a)) 


(5) 


Here  is  the  normal  second  order  contribution 

to  the  self  energy  evaluated  by  the  bare  Green’s  function 
(Bethe  lattice).  The  parameter  po  is 
determined  such  that  the  Luttinger  theorem  is  fulfilled  (/Uo  = 
II -Un-  =  0).  A'o  =  ^\u=o)■  The  particle  num¬ 

ber  is  given  by  n  =  j!oo  Im(r(co)dco.  In  analogy,  «o  is 
a  fictitious  particle  number  computed  from  Gq.  The  self- 
consistency  condition  becomes 


(2) 

G-^(co)  =  Go“^co)  -po  + A^-  C/n-^(co).  (6) 


For  the  numerical  implementation,  it  is  more  convenient 
to  fix  po  (rather  than  ^).  Then,  starting  with  a  guess  for  G 
and  fj,  one  can  compute  Go,  «o  and  n.  Afterwards  eqn  (5) 
yields  (^)  »  we  obtain  a  new  ^  from  the  Luttinger 
theorem.  The  loop  is  closed  by  eqn  (6). 

It  is  easy  to  check  that  in  the  case  of  half  filling  the 
procedure  reduces  to  ordinary  IPT.  In  the  weak  coupling 
limit  eqn  (5)  is  exact  to  order  U^.  Moreover,  it  can  be 
verified  that  the  expression  becomes  also  exact  for  G  00 . 
The  correct  low  frequency  behavior  is  realized  by  satisfying 
the  Luttinger  theorem.  This  is  the  main  difference  with  an 
earlier  scheme  which  uses  related  ideas  [11]  and  is  essential 
to  obtain  good  agreement  with  the  exact  diagonalization 
results  at  low  temperatures. 

We  establish  the  accuracy  of  our  method  by  comparing  it 
with  results  obtained  using  the  exact  diagonalization  algo¬ 
rithm  to  solve  the  impurity  model,  as  described  by  Caffarel 
and  Krauth  [8].  Both  methods  are  in  close  agreement  when 
used  on  the  imaginary  axis.  The  real  advantage  of  combin¬ 
ing  our  perturbation  scheme  with  the  exact  diagonalization 
is  shown  when  we  display  the  spectral  functions  obtained 
by  these  two  methods  on  the  real  axis  (Fig.  2). 

It  is  clear  that  the  exact  diagonalization  is  doing  its  best  in 
producing  the  correct  spectral  distribution.  But  it  is  unable 
to  give  a  smooth  density  of  states.  Instead  several  sharp 
structures  occur  as  a  consequence  of  treating  only  a  finite 
number  of  orbitals  in  the  Anderson  model. 


Spectral  functions  of  correlated  electron  systems 
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Fig.  2.  Im(7(co)  at  J*  =  0  for  C/  =  4Z)  and  hole  doping  5  =  0.14: 
iterative  perturbation  theory  (full  line)  vs  exact  diagonalization 
(dashed  line). 

As  an  example,  Fig.  3  shows  the  evolution  of  the  spectral 
density  of  the  doped  Mott  insulator  with  increasing  hole 
doping  6.  The  qualitative  features  are  those  expected  from 
the  spectra  of  the  single  impurity  [2]  and  are  in  agreement 
with  the  quantum  Monte-Carlo  calculations  [13].  For  small 
doping,  there  is  a  clear  resonance  peak  at  the  fermi  level. 
As  5  is  increased,  the  peak  broadens  and  is  shifted  through 
the  lower  Hubbard  band.  At  the  same  time  the  weight  of 
the  upper  band  decreases. 

The  most  striking  feature  of  the  evolution  of  the  spec¬ 
tral  function  as  a  function  of  doping  is  the  finite  shift  of 
the  Kondo  resonance  from  the  insulating  band  edge  as  the 
doping  goes  to  zero.  It  was  demonstrated  analytically  that 
this  is  a  genuine  property  of  the  exact  solution  of  the  Hub¬ 
bard  model  in  infinite  dimensions  using  the  projective  self- 
consistent  method  [14]  and  is  one  of  the  most  striking  prop¬ 
erties  of  the  Hubbard  model  in  large  dimensions.  This  fea¬ 
ture  did  not  appear  in  the  earlier  studies  of  Hubbard  model 
in  large  dimensions  using  Monte-Carlo  techniques  [13]  at 
high  temperatures,  and  is  also  not  easily  seen  in  exact  diag¬ 
onalization  algorithms  [15]. 


4.  CONCLUSIONS 

The  dynamical  mean  field  approach  is  widely  applica¬ 
ble  to  the  one  particle  spectroscopy  of  correlated  electrons. 
The  mean  field  equations  are  tractable  and  contain  rather 
rich  information.  A  very  important  lesson  is  that  it  is  nec¬ 
essary  to  use  a  combination  of  analytical  and  numerical 
techniques  to  obtain  reliable  results  on  the  physical  content 
of  the  mean  field  theory.  This  was  illustrated  in  a  discus¬ 
sion  of  the  spectral  function  of  the  doped  Mott  insulator.  In 
this  context,  we  reported  briefly  a  new  pertubation  scheme 
which  allows  to  perform  IPT  away  from  half  filling.  This 
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Fig.  3.  Evolution  of  the  spectral  function  for  1/  =  4  and  T  =  0 
with  increasing  hole  doping  S. 

approach  is  very  economical  and  promising  and  has  already 
been  extended  to  systems  with  more  complex  units  cells,  as 
will  be  reported  elsewhere. 
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VORTICES  IN  (/-WAVE  SUPERCONDUCTORS 
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Abstract — Vortex  state  solutions  are  studied  in  mean  field  theory  for  the  simplest  microscopic  model  of 
unconventional  superconductivity,  the  nearest  neighbor  tight-binding  model  on  a  square  lattice  with  on-site 
and  nearest  neighbor  interactions,  which  has  d-  and  extended  5-wave  mean  field  ground  states  for  suitable 
values  of  the  parameters.  Vortex  states  of  this  model  are  studied  by  solving  the  Bogoliubov-de  Gennes 
equations  self-consistently  in  position  space  for  finite  lattices  with  various  boundary  conditions.  The  results 
of  such  calculations  are  interpreted  in  terms  of  the  appropriate  Ginzburg-Landau  (GL)  free  energy,  and  the 
GL  equations  themselves  are  integrated  to  test  our  understanding  of  the  microscopic  calculations.  The  order 
parameter  fields  for  this  problem  may  be  described  either  as  complex  functions  on  horizontal  and  vertical 
nearest  neighbor  bonds  or  as  local  linear  combinations  of  these  with  s-  and  ^/-wave  symmetry.  The  (i-wave 
component  of  a  single  vortex  resembles  the  vortex  order  parameter  field  of  a  conventional  superconductor. 
However  the  5-wave  component,  which  is  nonzero  in  a  ring  around  the  vortex  core  and  which  dies  off  at 
long  distances  like  l/r^,  has  a  nontrivial  internal  structure  involving  domains  and  extra  point  nodes.  The 
effects  of  a  small  orthorhombic  distortion  are  discussed  as  are  the  implications  of  our  results  for  scanning 
tunneling  experiments. 


In  a  typical  phonon-mediated  conventional  superconduc¬ 
tor,  the  size  of  a  Cooper  pair  is  large,  and  the  short-range 
part  of  the  Coulomb  interaction  does  not  modify  the  form 
of  the  pair  wave-function  significantly.  By  contrast,  in  the 
high  Tc  oxide  superconductors  the  electronically  driven  at¬ 
tractive  interactions  which  give  rise  to  the  superconductiv¬ 
ity  are  short  range  and  effectively  have  a  hard  core  (the 
on-site  Coulomb  repulsion).  In  this  situation,  Cooper  pair 
wave  functions  with  nodes  at  the  origin  are  expected,  and 
these  give  rise  to  non-trivial  nodal  structures  for  the  gap  on 
the  Fermi  surface.  The  situation  is  analogous  to  that  in  su¬ 
perfluid  ^He  where  the  hard  core  repulsion  and  short-range 
attraction  of  the  He-He  potential  favors  /7-wave  (and,  in 
that  case,  spin  triplet)  superfluidity. 

For  the  mean  field  theory  which  is  used  to  model  conven¬ 
tional  superconductivity,  the  local  order  parameter,  the  gap 
function,  is  the  average  of  the  probability  of  destroying  a 
singlet  pair  at  some  point  in  space  times  the  attractive  cou¬ 
pling  constant  [1].  The  analogous  quantity,  in  the  presence 
of  short  range  repulsion,  is  the  probability  of  destroying 
a  singlet  pair  on  a  nearest-neighbor  pair  of  sites  times  the 
attractive  nearest  neighbor  coupling  constant.  This  means 
that,  for  a  square  lattice,  the  gap  function  is  defined  on  x 
and  y  nearest  neighbor  bonds,  rather  than  on  sites.  This  or¬ 
der  parameter  set  can  be  extended  to  include  second-  and 
further-neighbor  pairing. 

For  tetragonal  symmetry,  x  and  y  bonds  are  equivalent, 
and  the  stable,  uniform  superconducting  state  is  one  with 
relative  phase  zero,  for  (extended)  5-wave,  or  tt,  for  ^/-wave, 
for  the  gap  functions  on  x  and  y  bonds.  The  relative  stabil¬ 
ity  of  these  two  solutions  is  sensitive  to  the  parameters  of 
the  Hamiltonian.  The  term  “extended  5- wave”  refers  to  the 


fact  that  the  5-wave  order  parameter  is  a  linear  combination 
of  order  parameters  defined  on  bonds.  For  nearest  neighbor 
pairing,  the  5-wave  gap  function  has  the  form  cos^;c  +  cos^^ 
in  momentum  space,  which  may  give  rise  to  point  nodes, 
depending  on  the  size  and  shape  of  the  Fermi  surface.  Sim¬ 
ilarly,  the  i/-wave  gap  function  has  the  form  Qoskx  -  co^ky. 

For  inhomogeneous  superconducting  states,  such  as  the 
vortex  state  which  results  from  a  magnetic  field,  a  useful 
formulation  of  mean  field  theory  is  that  of  de  Gennes  [1], 
Here  we  present  a  slight  generalization  of  that  theory  due 
to  Soininen  et  al  [2]  which  applies  to  a  Hamiltonian  with 
nearest  neighbor  hopping,  a  repulsive  on-site  potential  and 
an  attractive  nearest  neighbor  interaction.  For  this  case  the 
Bogoliuov-de  Gennes  equations  are 


|«„(c)  = S)  -  (2) 

& 

Av„(r)  =  ^  As{r)v„{r  +  5)  +  Ao(r)v„(»-).  (3) 

6 

Here  5  denotes  a  nearest-neighbor  vector;  the  normal  state 
bandwidth  is  8/;  fu  is  the  chemical  potential;  <t>o  is  the  quan¬ 
tum  of  flux;  and  A  is  the  vector  potential  on  the  bond  con¬ 
necting  site  r  to  site  r  +  5. 

The  gap  equations  for  nearest  neighbor  and  onsite  pairing 
are 

A5(r)  =  +  5)v/(r) 
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Fig.  1.  The  first  quadrant  of  the  core  of  a  i/-wave  vortex.  The 
arrows  on  the  nearest  neighbor  bonds  indicate  the  magnitude  and 
the  phase  of  the  order  parameter.  The  black  dot  denotes  the 
center  of  the  vortex.  Far  away  from  the  vortex  core  the  x  and  y 
bonds  have  tt  phase  difference  indicating  a  pure  d-v/?cve  state.  The 
parameters  used  in  the  numerical  solution  of  Eqns  were 

T  =  0.05^,  ju  =  -It,  g  =  3.195^,  go  =  -3/.  Only  the  central  8x8 
region  of  the  full  16x16  quadrant  which  was  studied  is  shown. 


+  u„(.r)vn*(.r  +  5)]  tanh  .  W 

Ao(r)  =  g^o  X (^)  ■ 

Positive  values  for  the  coupling  constants  g  and  go  corre¬ 
spond  to  attraction,  and  negative  values  to  repulsion.  The 
components  of  the  gap  function  have  the  symmetry 

A5(r)  =  A-fi(r  +  5).  (6) 

The  Bogoliubov-de  Gennes  equations  may  be  solved  self- 
consistently  by  computer  on  a  finite  lattice  with  suitable 
boundary  conditions.  The  output  of  such  a  calculation 
is  a  set  of  single-particle  energies  En  and  eigenfunctions 
(w„(r),  v„(r)),  along  with  self-consistent  gap  functions, 
As(r),  defined  on  bonds.  In  terms  of  these  gap  functions, 
the  s-  and  d-wave  order  parameters  are  given  by 

j^(r)  =  (Ai(r)  +  A-;e(r)  +  Aj>(r)  +  A-^(r))/4, 

dir)  =  (A^{r)  +  A-i(r)  -  A^(r)  -  A-^(r))/4.  (7) 

Figure  1  shows  the  result  of  such  a  calculation,  where  a 
winding  of  2n  far  from  the  origin  has  been  imposed  as  a 
boundary  condition,  and  the  vector  potential  has  been  set 
equal  to  zero.  Each  arrow  in  Fig.  1  represents  the  magnitude 
and  phase  of  the  order  parameter  on  a  bond.  Using  the 
definitions  of  dir)  and  .y(r)  from  Eqns  (7),  one  obtains  the 
results  for  \dir)  \  and  \sir)\  shown  in  Fig.  2.  The  qualitative 
behavior  of  both  the  amplitudes  and  phases  of  the  s-  and 
d-wave  order  parameters  is  shown  in  Fig.  3.  The  d-^2NQ 


Fig.  2.  Same  as  Fig.  1  but  presented  in  terms  of  the  amplitudes 
of  s-  and  rf-wave  pairing  denoted  with  s  and  d  respectively.  The 
center  of  vortex  is  situated  at  the  point  (0.5, 0.5). 


order  parameter  around  a  vortex  is  seen  to  resemble  closely 
the  behavior  of  the  order  parameter  around  a  conventional 
5-wave  vortex,  growing  up  from  zero  in  a  coherence  length 
and  going  to  a  constant  value  for  large  r.  The  5-wave  order 
parameter  also  grows  up  in  a  coherence  length  and  then 
falls  off  slowly  for  large  r.  The  relative  phase  of  the  two 
order  parameters  shows  considerable  structure.  The  results 
of  the  microscopic  calculation  can  be  interpreted  in  terms 
of  the  relevant  Ginzburg-Landau  Hamiltonian  which  was 
first  written  down  by  Joynt  [3]. 

/  =  +  pi\s\*  +  p2\d\*  +  Pj\sf\d\^ 

+  P^(s*^d^  +  d*^^) 

+  y,|ni|2  +  yMd?  +  y.[(n,5)*(n^rf) 

-(n,5)*(n,rf)  +  c.c].  (8) 

Here  =  -ihV  -e*Alc,  and  d  is  assumed  to  be  the  critical 
order  parameter,  i.e.,  as  -  T  -  Ts,  a^  -  T  -  Td  with  Ts  < 
Td.  It  is  also  assumed  that  pi,  fe,  ^3,  Yd  and  Yy  are  all 
positive  [2].  The  parameters  y,  are  related  to  the  effective 
masses  in  the  usual  way.  We  use  y/  =  fp- 1 2mf,  for  i  =  5,  d,  v. 

Kotliar  [4]  noted  that,  if  the  fourth  order  coefficient  ^4  is 
positive,  then  the  relative  phase  of  5  and  d  will  be  7r/2  where 
the  two  order  parameters  coexist.  Figure  (3)  shows  that  this 
phase  relation  holds  nearly  everywhere  in  a  ring  around  the 
core,  except  in  four  narrow  domain  walls  where  the  relative 
phase  changes  sign.  In  order  to  gain  further  insight  into  the 
behavior  of  the  induced  5-wave  component,  it  is  necessary 
to  study  the  Ginzburg-Landau  equations  in  more  detail. 


Vortices  in  i/-wave  superconductors 
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Fig.  3.  Three  regions  of  the  vortex.  The  complex  s-  wave  order 
parameter  is  represented  with  a  black  arrow  and  the  d-  wave 
one  with  a  white  arrow.  Both  the  5- wave  and  i/-wave  pairing  are 
suppressed  in  the  inner  core  (labelled  I).  Localized  core  excitations 
are  found  in  this  region.  This  is  surrounded  by  an  outer  core 
(labelled  II)  where  ^/-wave  and  ^-wave  pairing  coexist.  In  this  region 
low  energy  fermionic  excitations  are  absent  (except  possibly  along 
those  directions  for  which  the  relative  phase  between  the  s-  and 
t/-wave  components  vanishes).  Outside  the  core  (region  III)  the 
superconductor  is  in  a  pure  ^/-wave  state.  As  the  opposite  winding 
of  the  s-  and  d-mve  components  is  incompatible  with  the  relative 
phase  ±7t/2,  four  domains  are  formed.  The  regions  of  relative 
phase  Tr/2  and  -Tr/2  are  separated  by  domain  walls  (indicated  by 
vertical  and  horizontal  lines)  where  the  relative  the  phase  varies 
rapidly. 


The  field  equations  for  the  order  parameters  are  obtained 
by  varying  the  free  energy  (8)  with  respect  to  conjugate 
fields  d*  and  5*,  giving, 

+  Pi\s\^d  +  2P4^d*  =0,  (9) 

+  +  =0.  (10) 

Equations  (9)  and  (10)  can  be  integrated  numerically  for 
boundary  conditions  which  generate  a  single  vortex  at  the 
origin.  In  doing  this,  we  assume  an  extreme  type-II  limit, 
where  the  coupling  to  the  vector  potential  can  be  ignored 
while  considering  the  core  structure  of  the  isolated  vortex 
line. 

Ren  et  al  [5]  have  previously  shown  that  for  a  ^/-wave 
order  parameter  with  the  asymptotic  form, 

rf(r,  0)  =  rfoe'®,  (11) 

where  do  =  the  asymptotic  form  of  the  i-wave 

order  parameter  is: 

J(r,0)  =gi(r)e-'®+g2(r)e'2®,  (12) 


Fig.  4.  Amplitude  of  the  j-wave  component  along  the  jc-axis  (solid 
line)  and  along  the  diagonal  x  =  y  (dotted  line)  normalized  to 
the  bulk  value  do.  The  parameters  used  are:  Ys  =  yd  =  yv»  = 
lOiofrfI,  ”  ^3  ==  0,  and  ^4  =  0.5^2-  The  inset  shows  schemati¬ 
cally  the  positions  of  the  j-wave  vortices  and  their  relative  wind¬ 
ings. 


where  gi(r)  andg2(^)  fall  off  like  1/^  for  large  r.  Further- 
moje,  close  to  Td,  gi(r)  «  -3gi(r)  and  therefore  the  wind¬ 
ing  number  far  from  the  core  is  +3.  This  result  combined 
with  the  result  that  close  to  the  core  the  winding  number  is 
- 1  [6]  implies  that  four  additional  positive  vortices  must  ex¬ 
ist  outside  the  core  [7].  This  is  a  topological  result  and  thus 
not  sensitive  to  small  modifications  of  the  parameters.  As  is 
shown  below,  these  vortices  lie  on  the  ±x  and  ±y  axes.  At 
lower  temperatures  a  topological  transition  to  a  state  with  s- 
wave  winding  number  - 1  could  occur.  At  length  scales  large 
compared  to  the  coherence  length,  but  less  than  the  pene¬ 
tration  depth,  the  superconductor  is  not  in  a  pure  c/-wave 
state,  but  rather  in  a  state  characterized  by  power  law  decay 
of  the  .y-wave  component.  Only  at  the  length  scale  given  by 
the  penetration  depth  is  the  pure  ^/-wave  state  regained. 

We  have  studied  the  dependence  of  the  maximum  of  the 
.y-wave  component  on  the  GL  parameters  [7].  Noting  that 
both  the  ii-wave  and  j^-wave  components  rise  over  the  same 
length  scale  given  by  5^,  where  1 I,  gives  an  order 

of  magnitude  estimate  for  the  magnitude  of  the  ^-wave  order 
parameter  at  the  maximum, 


max  (5)  ^  Tv 
do 


(13) 


Our  numerical  results  confirm  that  the  constant  of  propor¬ 
tionality  is  of  the  order  unity.  Note  that  the  temperature 
dependence  of  max(.y)  is  (1  -  TjTd)^^'^. 

Figure  4  shows  the  behavior  of  the  5-wave  amplitude 
along  the  x-axis  and  along  the  diagonal,  obtained  by  nu¬ 
merical  integration  of  Eqns  (9,10).  Moving  outward  from 
the  center  of  the  vortex  both  the  5-  and  ^/-wave  amplitudes 
increase  over  the  same  length  scale  Further  away  from 
the  origin,  the  relative  phase  tends  to  lock  to  a  value  ±tt/2. 
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The  change  in  the  relative  phase  occurs  in  narrow  “domain 
walls”.  To  this  point,  the  results  are  in  perfect  agreement 
with  the  ones  obtained  within  Bogoliubov-de  Gennes  the¬ 
ory  [2].  However,  further  out  the  situation  changes.  The  do¬ 
mains  of  rapid  variation  of  the  relative  phase  vanish.  Fur¬ 
thermore,  the  relative  phase  then  winds  in  the  opposite  di¬ 
rection.  In  Fig,  4  this  change  manifests  itself  as  a  zero  in  the 
amplitude  of  the  .s-wave  component.  This  zero  corresponds 
to  the  core  of  one  of  four  “extra”  vortices  in  the  .y-wave  or¬ 
der  parameter.  Identical  vortices  are  found  at  all  four  “wall 
ends”.  This,  combined  with  the  vortex  with  an  opposite 
charge  at  the  center,  gives  the  total  required  winding  of  +3. 

The  coexistence  of  5-  and  <i-wave  order  parameters  in  a 
wide  region  around  the  core  is  significant  because  of  its  effect 
on  the  local  density  of  states  for  excitations.  Volovik  [6]  has 
considered  the  effect,  on  the  density  of  states,  of  the  velocity 
field  of  a  pure  t/-wave  vortex.  His  result  will  be  modified  by 
the  presence  of  an  s  admixture.  An  order  parameter  of  the 
form  s  4-  id  will,  in  general,  not  have  nodes  on  the  Fermi 
surface  since  this  would  require  two  complex  functions  to 
vanish  at  the  same  point  in  /:-space.  The  interplay  of  these 
two  quantities,  5  +  ff/-mixing  and  the  superfluid  velocity 
field,  on  the  quasiparticle  density  of  states  around  a  vortex 
is  not  yet  well  understood. 

The  effects  of  orthorhombic  distortions  are  easily  under¬ 
stood  in  terms  of  a  straightforward  generalization  of  Eqn 
(8).  In  the  bond-picture,  the  orthorhombic  distortion  breaks 
the  symmetry  of  x—  and  bonds.  The  effect  is  to  mix  the 
s-  and  i/-wave  order  parameters  in  the  quadratic  and  higher 
order  terms  of  /.  An  additional  effect  is  that  the  masses 
in  the  x  and  y  directions  become  different.  Typically  this  is 
incorporated  as  a  change  in  the  x  and  y  length  scales.  Of 
course  many  more  fourth  order  terms  are  generated  by  the 
distortion.  However  the  main  effect  is  the  mixing  of  .s  and  d 
in  second  order.  One  consequence  is  to  allow  tunneling  from 
a  conventional  5-wave  superconductor  into  an  orthorhom- 
bically  distorted  d^i-yii  superconductor,  as  has  been  noted 
by  O’Donovan  et  ai  [8]. 
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Abstract — The  energy  spectrum  of  the  cuprates  depends  on  the  level  of  doping.  Deviations  from  stoichiometry 
may  introduce  magnetic  impurities,  which,  in  turn,  lead  to  a  gapless  scenario  with  peculiar  optical,  transport, 
magnetic,  and  thermodynamic  properties. 


1.  INTRODUCTION 

This  paper  is  concerned  with  the  spectrum  of  superconduct¬ 
ing  excitations  of  the  cuprates.  The  structure  of  this  spec¬ 
trum  depends  drastically  on  the  oxygen  content,  i.e.  level  of 
the  doping.  A  closing  of  the  gap  appears  to  be  a  very  impor¬ 
tant  feature  which  determines  many  properties  of  the  mate¬ 
rials.  Many  other  unique  features  of  the  cuprates  including 
their  multigap  structure,  intrinsic  proximity  effect,  and  the 
appearance  of  gaplessness  without  a  noticeable  depression 
in  Ti,  have  been  discussed  previously  by  us  [1,2].  Here  we 
describe  briefly  the  key  points  of  our  approach,  which  is 
based  on  a  conventional  Eliashberg  formalism,  and,  in  ad¬ 
dition,  present  several  new  results. 


2.  TWO-GAP  SPECTRUM.  STOICHIOMETRIC 
YBCO  COMPOUND 

We  consider  YBaCuO  as  being  composed  of  two  subsys¬ 
tems:  CuO  planes  and  quasi-one  dimensional  CuO  chains. 
For  nearly  fully  oxygenated  samples  of  YBa2Cu307_.v,  the 
chain  structure  is  particularly  well  developed  when  x  ^  0.04. 
The  chains  provide  doping  for  the  CuO  planes  but  also 
form  an  independent  conducting  subsystem.  This  latter  fact 
is  of  particular  significance  to  our  model,  because  below 
Tieach  of  the  subsystems  is  characterized  by  its  own  en¬ 
ergy  gap.  In  addition,  each  of  the  gaps  can  be  anisotropic. 
Let  us  denote  by  a  and  p,  respectively,  the  plane  and  chain 
subsystems,  so  that  Ca  and  Cp  are  the  corresponding  en¬ 
ergy  gaps.  The  opportunity  to  observe  a  two-gap  spectrum 
in  the  high  %  oxides  has  been  considered  theoretically  by 
us  [1].  The  small  size  of  the  coherence  length  in  the  high 
Ti  oxides  allows  one  the  opportunity  to  observe  the  two- 
gap  picture,  unlike  in  conventional  superconductors  where 
a  short  mean-free  path  relative  to  the  coherence  length  leads 
to  isotropization  of  the  gap  and  averaging  to  a  single  gap. 
An  explicit  definition  of  the  two-gap  spectrum  corresponds 


to  the  presence  of  a  two-peak  structure  in  the  superconduct¬ 
ing  density  of  states  (there  are  two  order  parameters).  The 
observation  of  such  structure  by  tunnelling  spectroscopy  [3] 
provides  strong  support  for  the  picture.  In  the  following,  we 
will  use  a  two-gap  picture  to  describe  to  the  two  peaks  in 
the  density  of  states. 

The  plane  and  chain  subsystems  are  coupled  by  charge 
transfer,  which  leads  to  a  single  value  of  Tc .  For  the  planes, 
2e«(0)  is  approximately  equal  to  5Tc.  The  value  of  the  chain 
gap  is  smaller  and  very  sensitive  to  the  oxygen  content:  for 
;c=0.04,  is  approximately  equal  to  Tc .  This  value  of  the 
chain  gap  is  smaller  than  the  BCS  value. 

The  superconducting  state  in  the  Cu-O  plane,  the  basic 
unit  for  all  cuprates,  is  caused  by  some  intrinsic  pairing 
mechanism  (for  our  present  treatment  the  nature  of  this 
mechanism  is  not  essential).  As  for  the  chains,  the  pairing  is 
mainly  induced  by  charge  transfer  via  two  channels:  (a)  an 
intrinsic  proximity  effect  (here  the  word  intrinsic  stresses  the 
fact  that,  unlike  the  usual  proximity  effect  observed  in  a  thin- 
film  sandwich  structure,  we  are  dealing  with  a  phenomenon 
occuring  on  the  scale  of  unit  cell.  Nevertheless,  the  physics 
of  the  phenomenon  is  similar  to  the  McMillan  picture  [4] 
and  represents  the  tunnelling  of  a  pair  from  a  to  P)  and  (b) 
mediated  charge  transfer.  The  latter  channel  proceeds  when 
a  carrier  makes  a  transition  from  the  a  to  the  P  subsystem 
and  emits  a  phonon  (or  other  excitation).  Another  carrier 
absorbs  the  phonon  and  also  makes  a  transition  to  as  a 
result  of  this  phonon  exchange,  the  two  carriers  form  a  pair 
in  the  p  subsystem.  The  equations  for  the  order  parameters 
A«  and  are: 


A/((co„)Zi(/a)„)  =  A/TtT  ^  D„ 


AjUCVn') 

Ki, 


+  A,,Trr  i 


+  f/it 


n  =-00 

Ki; 
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HereKJ,  =  [co^+A?(zco„)]5  (/  =  a,P),C0n  =  (2rt+l)Trr, 
+  (co„  -  co„')^]  is  the  phonon  propogator 
(the  approach  can  be  easily  generalized  for  different  mech¬ 
anisms),  r«^  =1  r  P  v^,  r  is  the  tunnelling  matrix  element, 
vp  is  the  density  of  states. 


3.  GAPLESS  STATE 

Consider  the  case  when  the  chain  subsystem  contains 
magnetic  impurities.  In  the  absence  of  impurities  the  system 
displays  a  two-gap  spectrum  with  the  YBCO  chains  in  the 
induced  superconducting  state.  If  the  ^-subsystem  (chains) 
contains  magnetic  impurities,  then  we  can  have  an  unusual 
case  of  gapless  superconductivity,  namely  at  some  value  of 
the  impurity  concentration  the  energy  gap  disappears,  but 
the  shift  in  Jcis  relatively  small.  This  occurs  with  oxygen 
depletion  in  YBCO.  Indeed,  the  removal  of  oxygen  greatly 
affects  the  chain  states.  Instead  of  a  well-developed  chain 
structure,  we  have  a  set  of  broken  chains  w^^h  Cu  atoms 
at  the  ends.  These  Cu  atoms  form  local  n  gnetic  states 
Cu'^'^,  similar  to  surface  states,  which,  in  turn,  act  as  strong 
pair-breakers.  As  a  result,  a  gapless  state  rapidly  develops 
on  the  chain.  One  should  note  that  despite  the  absence  of 
an  energy  gap,  the  system  is  still  superconducting  [5]:  the 
material  exhibits  the  Meissner  effect  and  zero  resistance. 
The  absence  of  the  gap  leads  to  a  power  law,  rather  than  an 
exponential  dependences  of  many  properties:  the  electronic 
specific  heat,  surface  impedance,  penetration  depth,  etc. 

Qualitatively,  gapless  superconductivity  can  be  viewed 
as  a  two-fluid  mixture  of  normal  carriers  (broken  pairs) 
and  superconducting  pairs.  In  this  context,  the  two-fluid 
model  provides  a  good  description  of  many  properties  of 
the  cuprates.  Scattering  by  the  impurities  can  be  described 
by  additional  terms  in  the  renormalization  functions  Zp  (see 
e.g.  [6]).  One  can  calculate  a  critical  concentration  of  impu¬ 
rities  which  leads  to  the  appearance  of  the  gapless  state  [2]. 
This  corresponds  to  YBa2Cu306.9  or  x  ^  0.1.  It  is  essential 
that,  although  the  magnetic  moments  are  introduced  in  the 
chain  sites  only,  the  energy  gaps  close  to  zero  in  both  the 
plane  and  chain  subsystems.  Note  also,  that  even  though 
the  gaps  are  equal  to  zero,  the  density  of  states  displays 
peaks  at  cu  «  and  these  peaks  can  be  observed  ex¬ 

perimentally  by  tunnelling  measurements. 


4.  OVERDOPED  CUPRATES 

Experimental  studies,  carried  out  on  the  Ti  and  Bi-based 
cuprates  [7-12],  have  shown  that  overdoping  leads  to  a 


drastic  decrease  in  7^.  We  conclude  that  the  strong  de¬ 
pression  of  Tc  is  due  to  the  presence  of  magnetic  impuri¬ 
ties  at  the  apical  oxygen  sites.  This  is  different  from  YBCO, 
since  the  pair-breaking  effect  occurs  directly  for  the  in-plane 
states,  whereas  for  YBCO  the  magnetic  moments  (Cu’*"'' 
ions)  are  located  on  the  chains.  As  a  result,  gaplessness  in 
the  overdoped  samples  leads  also  to  a  depression  in  Tc. 
(If  we  assume  that  the  magnetic  impurities  are  associated 
with  the  apical  oxygen,  then  the  “conventional”  behavior  of 
Nd2CeCu04  is  explained  by  the  absence  of  such  an  oxygen 
site.)  Indeed,  it  has  been  reported  (see  Ref  12  and  also  the 
review,  Ref  10),  that  the  overdoped  cuprates  are  character¬ 
ized  by  gapless  behavior.  We  attribute  this  gaplessness  to 
scattering  from  localized  magnetic  moments:  the  presence 
of  which  has  been  observed  in  specific  heat  measurements 
[11].  We  conclude  that  magnetic  impurities  are  also  present 
in  the  overdoped  Hg-based  compounds,  hence  these  mate¬ 
rials  also  display  gapless  behavior,  and  consequently,  both 
a  depression  in  Tc  and  a  power  law  dependence  for  the  pen¬ 
etration  depth  [9]. 


5.  PENETRATION  DEPTH  IMT)] 

This  problem  has  attracted  a  lot  of  attention.  While  A(r) 
for  the  Nd-based  compound  shows  a  conventional  expo¬ 
nential  dependence,  the  results  for  YBCO  samples  are  less 
clear  as  they  vary  from  sample  to  sample.  Some  measure¬ 
ments  display  a  linear  temperature  dependence,  whereas 
other  groups  observe  the  dependence,  A  oc  In  addition, 
the  data  for  fully  oxygenated  films  are  described  by  an  ex¬ 
ponential  law  (see  review  in  [13]).  Based  on  our  model,  one 
can  prove  [13]  that  the  nature  of  the  dependence  A(7’)  is 
directly  related  to  the  oxygen  content:  the  functional  form 
of  A(T)  is  sample  dependent  and  correlates  with  the  oxy¬ 
gen  content.  The  stochiometric  compound  is  gapped  and  is 
characterized  by  an  exponential  dependence  for  the  pene¬ 
tration  depth.  Oxygen  depletion  leads  initially  to  a  decrease 
in  the  energy  gap  and  then  to  transition  to  a  gapless  state 
(at  X  «0.1).  With  further  oxygen  loss,  A(7')  follows  a  power 
law,  initially  linear,  and  then  quadratic  (for  x^O.15). 

For  overdoped  materials,  such  as  the  Hg-based  com¬ 
pound,  one  would  also  expect  a  power  law  for  A(7’),  since 
the  sample  is  in  the  gapless  state.  In  this  case,  the  screen¬ 
ing  is  provided  by  the  planes  which  are  directly  affected  by 
magnetic  impurities.  Such  dependence  has  been  observed  in 
[9].  A  detailed  theoretical  calculation  of  A(r)  for  the  over¬ 
doped  cuprates  will  be  described  elsewhere. 


6.  PENETRATION  DEPTH  AND  JOSEPHSON 
JUNCTIONS 

We  give  particular  attention  to  an  experiment  in  which  the 
I-V  characteristics  of  YBCO-Pb  Joseph  son  junctions  were 
used  in  order  to  determine  A(r)  and  measure  its  anisotropy 
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[14].  As  might  be  expected,  untwinned  samples  are  charac¬ 
terized  by  an  in-plane  anisotropy  of  A  (see  [14]).  Indeed, 
both  subsystems  contribute  to  A^,,  whereas  A/,  arises  from 
the  screening  currents  in  the  planes  only.  It  is  essential,  how¬ 
ever,  that  the  charge  transfer  leads  to  a  change  in  the  value 
of  h  upon  depletion  of  oxygen,  despite  the  fact  that  oxy¬ 
gen  is  depleted  mainly  from  the  chains.  This  effect  has  been 
observed  experimentally  [14]  and  follows  directly  from  eqn 
(1). 

It  is  worth  noting  that  the  authors  [14]  also  observed 
Josephson  tunnelling  in  the  c-direction  for  the  Pb-I-YBCO 
sandwich.  We  conclude  that  the  tunnelling  occurs  mainly 
between  Pb  and  the  chain  subsystem,  based  both  on  the 
large  density  of  states  on  the  chain  layer  [15],  and  on  the  ob¬ 
servation  by  STM  [16]  that  the  chains  usually  form  the  sur¬ 
face  layer.  Since  the  chain  energy  gap  is  small  (cp  ^  O.STc, 
see  above),  IcR  smaller  than  predicted  by  the  Ambegaokar- 
Baratoff  theory  [17].  Such  a  small  value  has  been  experi¬ 
mentally  observed  [14]. 

7.  CRITICAL  FIELD 

The  presence  of  magnetic  impurities  drastically  affects 
the  dependence  of  H^iT)  in  layered  superconductors.  One 
can  develop  a  specific  physical  model  [18]  which  is  based 
on  spin-flip  scattering  and  ordering  of  the  impurities  at  low 
temperatures  .  The  model  allows  us  to  explain  the  unusual 
temperature  dependence  for  the  upper  critical  field  observed 
in  the  Tl-  and  Bi-based  overdoped  cuprates  [7,8].  As  was 
noted  above,  the  overdoped  cuprates  are  characterized  by 
the  presence  of  localized  magnetic  moments.  The  value  of 
Hc2  can  be  determined  from  the  following  equation  [19]: 

in(rc/r)  =  2TTrX[to;'  -2D,(co„,h)]  (2) 

D|(a)„,  H)  =  (signaj„)J(to„,  H)[l  -  (t“‘  -  T7')J(to„,  H)]“' 

i  “ 

J(a)„,H)  =  ^  I  exp(-y)arctan[v(2eHy)  Va)] 

0 

where  a  =  2co„  +  t,.  is  the  spin-flip  scattering 

time,  T  is  the  elastic  scattering  time,  and  v  is  the  Fermi  ve¬ 
locity.  We  focus  on  the  case  H||c.  The  presence  of  a  layered 
structure  allows  us  to  combine  the  condition  T  =  » 

ttTc  with  the  condition  t”*  ttTc  (clean  case  for  the 
usual  elastic  scattering).  This  arises  from  the  out-of-plane 
location  of  the  magnetic  moments;  as  a  result,  the  in-plane 
momentum  transfer  is  small,  despite  the  large  value  of  the 
amplitude  for  the  spin-flip  process.  Thus  the  pair-breaking 
effect  is  strong  even  in  spite  of  the  weaker  effect  of  non¬ 
magnetic  scattering  (which  is  related  to  momentum  change 
and  is  manifested  in  the  transport  properties).  This  is  the 
case  for  the  overdoped  cuprates  .  We  speculate  that  the 
magnetic  moments  are  localized  on  the  apical  oxygen  site. 
The  spin-flip-scattering  frequency,  F,  can  be  treated  as  tem¬ 
perature  independent  except  for  a  small  region  near  r=0: 


r  =  r«  =const  for  T  »  0,  0  alK«:  T^.  In  the  low  temper¬ 
ature  region  the  impurities  tend  to  become  ordered,  which 
leads  to  a  weakening  of  the  pair-breaking  effect.  As  a  result, 
the  superconducting  properties  are  less  depressed,  and  Hd 
increases.  Furthermore,  the  usual  spin-flip  process  is  forbid¬ 
den  for  T  <  9,  and  is  governed  instead  by  the  dipole-dipole 
interaction  V=-3A/e^/(cre*r)(a-,*r)/r^  (r  is  the  distance  be¬ 
tween  the  electron  and  the  impurity).  This  interaction  does 
not  conserve  total  spin:  it  translates  to  the  electronic  orbital 
momentum.  Hence,  the  amplitude  F  becomes  temperature 
dependent  when  T  <  6. 

Based  on  this  physical  picture,  one  can  describe  the  de¬ 
pendence  Hc2(T)  in  the  entire  temperature  range  T  <  Tc. 
The  theory  [18]  has  only  two  parameters:  -  Y{Tc)IT(0) 
and  6  and  model  provides  excellent  agreement  with  the  ex¬ 
perimental  data  [7,8]. 


8.  INTRINSIC  Tc,  PRESSURE  DEPENDENCE  OF  Tc 

One  can  estimate  the  value  T^o  =  lyTcrln  in  the  absence 
of  magnetic  impurities.  Here,  =  130K  exceeds  the  ex¬ 
perimental  value  obtained  at  optimal  doping,  7^  =  90K  [7]. 
This  implies  that  the  materials  contain  magnetic  impuri¬ 
ties  prior  to  the  overdoping,  hence  Tc  is  already  depressed. 
Thus  it  is  possible  that  Tc  can  be  raised  above  the  observed 
value  by  applying  high  pressure  [20,21].  The  external  pres¬ 
sure  increases  the  carrier  concentration  without  a  noticeable 
change  in  the  concentration  of  the  magnetic  impurities.  As 
a  result,  we  can  obtain  a  value  T/ ,  such  that  Tc  <  T^  <  Tcq. 
This  contrasts  to  the  case  of  chemical  substitution  where 
the  doping  is  accompanied  by  the  addition  of  the  magnetic 
impurities,  which  depress  Tc  relative  to  T^o. 


9.  SUMMARY 

The  main  results  can  be  summarized  as  follows: 

1 .  The  presence  of  low-dimensional  units,  such  as  planes 
and  chains  in  YBCO,  along  with  the  short  coherence 
length  leads  to  an  observable  two-gap  spectrum,  that  is, 
to  a  two-peak  structure  in  the  superconducting  density  of 
states.  Josephson  currents  in  c-direction  for  the  YBCO-Pb 
junctions  involve  the  chain  states  (smaller  energy  gap);  as 
a  result,  the  value  of  UR  is  smaller  than  the  conventional 
value. 

2.  Oxygen  depletion  in  YBCO  and  overdoping  in  the  other 
cuprates  lead  to  the  formation  of  a  gapless  state  caused  by 
localized  pair-breaking  magnetic  moments.  The  region  of 
gaplessness  is  extended  relative  to  conventional  supercon¬ 
ductors.  The  penetration  depth  in  the  gapless  state  is  de¬ 
scribed  by  a  power  law,  initially  linear,  and  then  quadratic. 

3.  The  magnetic  moments  are  located  on  the  apical  oxy¬ 
gen  site  for  the  overdoped  materials  and  on  the  chains  for 
YBCO. 

4.  The  depression  of  Tiin  the  overdoped  cuprates  is 
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caused  by  spin-flip  scattering.  However,  even  samples  with 
Tc-Tcmax  contain  magnetic  moments;  as  a  result,  the  in¬ 
trinsic  value  of  Tcis  higher  than  the  observed  value.  The 
application  of  high  pressure  leads  to  an  increase  in  the 
observed  value  of  Jcmax  without  introducing  additional 
magnetic  impurities. 

5.  The  presence  of  magnetic  impurities  and  their  ordering 
at  low  temperatures  leads  to  a  large  increase  in  the  value  of 
Hc2  and  to  positive  curvature.  This  is  in  complete  contrast 
with  the  conventional  picture. 
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Abstract — propose  that  the  svrange  quasiparticle  dispersion  relation  recently  observed  photoemission  from 
the  antiferromagnetic  insulator  Sr2Cu02Cl2  is  actually  the  dispersion  relation  of  a  spinon.  The  calculations 
that  anticipated  this  result  are  re^iewed  and  shown  to  account  for  the  magnetic  properties  of  the  cold, 
undoped  antiferromagnet  and  the  mysterious  strong  scattering  phenomenology  of  the  cuprates. 
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Fig.  1.  Dispersion  relation  of  the  qua  sipai  tide  in  SriCu02Cl2 
reported  by  Wells  et  al  [1]  expressed  as  a  multiple  of  J  --  125  meV. 
The  broad  error  bars  represent  the  width  of  the  quasiparticle  peak 
and  not  the  accuracy  of  the  measurement.  The  solid  line  is  the 
dispersion  relation  of  the  spinon  as  defined  by  eqn  (1). 
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Fig.  2.  Theoretical  photoemission  spectrum  calculated  using  eqn 
(26). 


1.  INTRODUCTION 

One  of  the  most  interesting  developments  in  the  the  study  of 
high-Tc  superconductivity  is  the  recent  observation  in  pho¬ 
toemission  by  Wells  et  al  [1]  of  quasiparticle  band  struc¬ 
ture  in  the  insulating  cuprate  Sr2Cu02Cl2  remarkably  simi¬ 
lar  to  the  ‘‘spinon”  dispersion  relation  proposed  by  me  over 
a  year  ago  in  the  context  of  the  t-J  model.  This  and  the 
corresponding  dispersion  relation  of  the  “holon”,  given  by 

^  i,67^cos2(A:x)  +  cos2(/fc.,)  (1) 

Ehdon  ^  ±2;^cos2(A:J  +  cosHky)  (2) 

are  scaled  version  of  the  “flux”  band  structure  extensively 
discussed  in  the  early  days  of  high- 7^  theory  [2].  Equation 
(1)  is  plotted  against  the  quasiparticle  dispersion  reported 
by  Wells  et  al  [1]  in  Fig.  1.  The  value  of  J  =  125  meV 
inferred  from  2-magnon  raman  scattering  [3]  has  been  as¬ 
sumed.  While  there  are  many  possible  explanations  for  this 
good  agreement,  including  its  being  an  accident  unique  to 
this  undopable  cuprate,  I  wish  to  promote  the  view  that  the 
literal  interpretation  is  the  correct  one:  the  dispersion  re¬ 
lation  measured  in  this  experiment  is  actually  that  of  the 
spinon  into  which  the  injected  hole  decays. 

Spinons  and  holons  with  the  above  properties  are  quite 
compatible  with  known  properties  of  the  t-J  rnoael.  and 


indeed  were  argued  by  me  to  manifest  themselves  in  nu¬ 
merical  work  in  this  model  as  sum  rules  and  decoupling  of 
t  and  J  in  certain  spectra  [4,5].  However  it  is  known  that 
proper  photoemission  calculations  performed  with  the  t-J 
model  agree  more  poorly  with  Fig.  1  than  do  the  approx¬ 
imate  calculations  I  shall  discuss  here  [6].  An  example  of 
the  latter  is  shown  in  Fig.  2.  The  reason  for  this  disparity  is 
not  presently  known  and  is  the  subject  of  ongoing  research. 
I  favor  the  explanation  that  either  the  Hamiltonian  or  the 
photoemission  matrix  element  has  missing  terms  that  en¬ 
hance  the  effects  of  electron  decay  in  the  spectral  function, 
but  it  is  conceivable  that  the  calculations  have  some  subtle 
technical  problem. 

It  may  be  seen  from  Fig.  1  that  eqn  (1)  agrees  with  the 
data  in  three  ways: 

•  The  overall  bandwidth  is  2.2  J,  a  result  also  found  in 
numerical  studies  of  the  t-J  model.  The  latter  find  no 
dependence  of  this  width  on  t. 

•  The  band  minimum  is  at  the  S-point  (tt/2,7t/2).  This 
is  also  found  in  numerical  studies  of  the  t-J  model. 

•  The  band  minimum  is  deep  and  isotropic.  The  isotropy 
is  not  found  in  numerical  studies  of  the  t-J  model. 

The  data  also  disagree  with  the  t-J  model  in  the  impor¬ 
tant  respect  that  quasiparticle  width,  shown  in  Fig,  1  as  an 
error  bar,  is  enormous.  This  width  estimate  is  actually  un¬ 
realistically  conservative.  The  quasiparticle  is  so  broad  at 
r  and  M  that  it  is  effectively  nonexistent.  An  anomalous 
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width  of  this  kind  is  common  to  all  the  cuprates  and,  as 
such,  has  been  incorporated  into  the  marginal  fermi  liquid 
phenomenology  of  these  materials  through  a  quasiparticle 
self-energy  satisfying  hjr  =  max(A:^r,  £)  [7].  However  the 
experiment  of  Wells  et  al  [1]  demonstrates  rather  clearly 
that  this  behavior  occurs  in  the  insulator  as  well  and  has 
nothing  to  do  with  fermi  liquidness,  per  se. 

2.  FLUX  HAMILTONIAN 


Equations  (1)  and  (2)  come  from  a  perturbative  treatment 
of  the  Hamiltonian 


where  <  j,k  >  denotes  the  sum  over  near-neighbor  pairs 
of  a  square  planar  lattice,  with  each  bond  counted  twice  to 
maintain  hermiticity,  /  and  b  satisfy 

{fjcr>  fka'  }  =  0  {fja,  /ter'  }  “  ^<^0-' 

[bj,bk]=0  [bj,bl]  =  5jk  (4) 


and  the  electron  is  understood  to  be  the  composite 
Oo-  “  fja 

This  is  equivalent  to  the  t-J  Hamiltonian  in  the  limit 
of  large  U.  The  functional  forms  of  eqns  (1)  and  (2),  but 
not  their  correct  prefactors,  are  obtained  from  the  Hartree- 
Fock  solution  of  this  problem  in  the  limit  of  no  bosons  and 
small  U.  We  have 

+  +  (6) 

where 

Xjk  =  X  <  fkfj  > 

(T 

n  TT 

=  ±  I  rfit/  dkyyjcosHk^)  +  cosHky)  =  ±0.48  (7) 

0  0 


The  usual  sign  convention  is  for  all  bonds  to  be  except 
for  the  x-bonds  on  even  rows,  which  are  Ambiguity  in 
the  sign  choice  is  the  so-called  gauge  degree  of  freedom  of 
this  problem.  The  Hartree-Fock  Hamiltonian  describes  free 
spinons  and  holons  moving  in  a  fictitious  uniform  magnetic 
field  of  flux  TT  per  plaquette. 

To  get  the  prefactors  correct  it  is  necessary  to  double  the 
factor  0.48  in  eqn  (7)  and  sum  the  Feynman  graphs  shown 


Fig.  3.  Feynman  graphs  discussed  in  this  paper. 


in  Fig.  3.  The  doubling,  a  modification  of  the  Hartree-Fock 
ground  state  caused  by  U  seen  most  clearly  in  Gutzwiller 
projection  studies  [8],  increases  the  prefactors  in  eqns  (1) 
and  (2)  to  0.96  J  and  1,92  r,  respectively.  The  symbols  in 
Fig.  3  have  the  following  meaning: 

•  Single  straight  lines  denote  the  bare  Hartree-Fock 
spinon  propagator  with  energy  prefactor  set  to  0.967. 

•  Single  wiggly  lines  denote  the  potential  U, 

The  screened  potential  has  a  high-frequency  plasma  pole 
at  a  frequency  near  U  that  remains  important  in  the  U 
^  00  limit,  the  case  of  interest  to  us.  Integration  over  this 
pole  renormalizes  the  spinon  spectral  weight  to  zero  while 
exactly  compensating  this  reduction  in  the  vertex  correction. 
The  effect  is  similar  to  charge  renormalization  in  quantum 
electrodynamics  and  has  the  same  meaning:  the  spinon  has 
no  significant  amplitude  to  be  an  electron.  Because  of  this 
problem  the  t/  oo  limit  may  be  taken  only  after  the 
graphs  are  reorganized  as  a  power  series  in  the  renormalized 
spinon  propagator  and  vertex.  This  is  accomplished  as  a 
practical  matter  by  removing  the  offending  pole  from  the 
screened  potential  by  hand  and  then  taking  U  to  infinity. 
The  remaining  modification  of  the  spinon  prefactor  is  then 
obtained  as  a  conventional  exchange  effect. 


3.  SPIN  DENSITY  WAVE  GROUND  STATE 

Let  us  now  evaluate  these  equations  for  the  cold,  undoped 
insulator.  We  shall  make  two  major  approximations: 

•  Retardation  effects  in  the  effective  potential  are  ig¬ 
nored. 

•  The  “coulomb”  potential  is  assumed  to  be  constant 
beyond  three  bond  lengths. 

I  have  tested  the  first  approximation  by  evaluating  the  equa¬ 
tions  with  retardation  included  and  finding  little  difference. 
The  exact  calculation  is  too  complicated  to  discuss  here.  The 
second  approximation  is  justified  by  Fig.  4,  where  the  self- 
consistent  potential  between  spinons  is  plotted  as  a  func¬ 
tion  of  position.  It  may  be  seen  that  the  potential  has  the 
logarithmic  tail  expected  of  a  coulomb  potential  in  two  di¬ 
mensions  and  a  hard  repulsive  core  near  the  origin.  The  tail 
has  no  effect  other  than  to  open  a  large  energy  gap  between 
the  occupied  and  empty  bands  of  the  spinon  propagator,  a 
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Fig.  4.  Zero-frequency  screeixcd  coulomb  interaction  defined  by 
eqn  (14). 


gap  that  is  invisible  in  any  response  functions  due  to  a  com¬ 
pensating  effect  in  the  vertex  correction.  It  may  therefore 
be  set  safely  to  zero  when  the  temperature  is  zero.  The  core, 
on  the  other  hand,  has  huge  effects.  It  causes,  among  other 
things,  a  spin  density  wave  instability,  which  is  the  way  this 
Hamiltonian  achieves  antiferromagnetic  order.  We  charac¬ 
terize  the  self-consistent  solution  with  an  effective  Hubbard 
interaction  f/gfr,  an  exchange-enhanced  spinon  bandwidth 
/eff,  and  a  spin  density  wave  mass  gap  parameter  m.  The 
self-consistency  equations  are 


TT  TT 

f  dfc;,  f  dky  - - - 

J  J  'sk  +  '-k+n 


Fig.  5.  Spin  susceptibility  given  by  eqn  (15)  for  various  values  of 
Sq,  the  distance  from  the  magnetic  Bragg  peak  at  Af. 


I  •^eff  J  L 


cos(^;c^)  cosiqyy)  -  cos(3qxX)  cos{3qyy) 


The  Hartree-Fock  ground  state  found  by  this  procedure 
is  the  same  as  that  found  by  Hsu  [9]  in  his  variational 
study  of  the  Heisenberg  antiferromagnet  using  a  Gutzwiller- 
projected  flux  ground  state,  which  obtained  excellent  agree¬ 
ment  with  the  ground  state  energy  and  staggered  magnetic 
moment  found  in  numerical  studies.  The  graphical  proce¬ 
dure  described  here  produces  similar  results.  In  Fig,  5  I  plot 
the  transverse  magnetic  susceptibility  of  the  spin  density 
wave  ground  state,  given  (with  co  measured  in  units  of  /efr) 
by 


f  cos(^;r)  cosikx  +  qx)  +  cosiky)  cos(/r,  qy)  +m^l 

XJ  1 - — - = - ,-(9) 

t  £k^k+q  J 


•/gff  StT' 


TT  TT  p 

^  I  1  iT  I  cou(3qy)  (10) 

n  n  ^  I- 


JeS  _  1 

C4ff  27t2 


7T  TT 


cos(kx)  cosikx  +  ^x)  +  cosiky)  cosiky  +  qy)  -  rrP- 


> _ 1 

■^Bk+q)  -  in] 


IT  TT  r  -I 

1  cor,{q^)  cos(gy)  -  cosOq,,)  cos(3qy) 

n  n  ^  L 


Their  solution  is 

ffi  =  0.25  -^  =  1.78  ^  =  1.53  =  0.175)  (13) 

«/eff  «feff 

The  NeM  temperature  indicated  in  parentheses  is,  of  course, 
unphysical  in  two  dimensions,  but  may  have  meaning  for 
weakly-coupled  planes.  The  potential  plotted  in  Fig,  4  is 
given  by 


IcO  -  i£k  ^k+q) in  -O)  -  iSk  ^k+q)  -  in  ] 

A  clear  spin  wave  peak  may  be  seen  dispersing  with  a  ve¬ 
locity  of  1 .6/,  which  is,  not  coincidentally,  the  same  as  the 
velocity  of  the  spinon  near  S  obtained  from  eqn  (1).  It  com¬ 
pares  favorably  with  the  spin  wave  dispersion  relation 

wT'""  =  J^|4-^cos{q,)+cos(qy)f  (17) 

obtained  by  Bogoliubov  transformation  [10]  and  with  the 
factor  1.18  with  which  the  spin  wave  velocity  is  renormalized 
by  quantum  corrections  [11].  The  transverse  near-neighbor 
static  correlation  is  given  in  terms  of  this  susceptibility  by 


TT  TT  00 

=  J J  \ ImXqico)  j  cosiqx)  +  cos(^- 
0  0  0  ^ 

=  -0.098 
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The  z-axis  spin  correlation  is  likewise  obtained  from  eqn 
(15)  but  with  the  sign  of  m  in  eqn  (16)  reversed. 

<  siSl  >=  -  <  5"  >2  -.059  (19) 


If  we  now  assume  that  the  staggered  magnetization  acquires 
the  value 


<S^>= 


2mJeff 

C4ff 


l  +  ( 


2m/eff  .2 
C/eff 


-1 


=  0.260 


(20) 


we  obtain  <  Si  '  Sj  >=  -0.323,  The  correct  value  for  the 
Heisenberg  magnet  is  -.334.  Note  that  the  value  of  <  > 

obtained  from  the  Gutzwiller  projected  state  is  larger  than 
my  estimate.  The  value  obtained  by  Hsu  [9]  was  slightly  less 
than  0.3. 


4.  SPINON  SCATTERING 


Having  demonstrated  that  the  equations  make  sense  at 
zero  temperature  let  us  consider  the  high-temperature  case 
for  which  the  formalism  was  actually  designed.  We  will, 
for  simplicity,  confine  our  attention  to  the  region  ksT^  < 
JcbT  <  Jeff,  where  Tn  is  defined  as  in  eqn  (13),  In  this  tem¬ 
perature  range  the  spin  density  wave  has  collapsed,  making 
the  mass  parameter  m  zero,  but  the  particle  and  hole  exci¬ 
tations  of  the  spinon  spectrum  have  only  enough  energy  to 
populate  its  linear  “Dirac”  part.  In  addition,  these  particles 
interact  with  the  strong,  short-range  force  shown  in  Fig.  4 
and  are  thus  expected  to  scatter  each  other  violently  in  the 
s-wave  channel.  More  precisely,  the  scattering  cross-section 
should  saturate  at  the  unitary  value  aunuory  =  2x1//:,  thus 
causing  a  zero-energy  particle  to  scatter  at  a  rate 


i  .  If  =  *.7-  108,2,(2,, 

0 

where  c  denotes  the  spinon  velocity  1.6J.  A  scattering  rate 
equal  to  the  temperature  is  one  of  the  key  phenomenolog¬ 
ical  features  of  the  cuprates.  It  follows  in  this  calculation 
from  the  absence  of  a  scale  at  the  Dirac  point  in  the  spinon 
spectrum.  We  may  similarly  ask  about  the  scattering  rate  of 
a  high-energy  spinon  due  to  pair  production.  As  is  the  case 
in  quantum  electrodynamics,  such  scattering  is  forbidden 
by  momentum  conservation  for  on-shell  particles.  However, 
particles  oflF  shell  by  energy  E  can  decay  by  pair  production, 
and  their  rate  for  doing  so  is  essentially  the  above  expression 
with  E  substituted  for  ksT,  The  reason  is  that  the  matrix 
elements  for  scattering  and  pair  production  are  identical. 
Thus  the  scattering  rates  of  the  marginal  fermi  liquid  phe¬ 
nomenology  fall  out  of  such  calculations  in  a  natural  way. 

An  indication  of  this  behavior  may  be  seen  even  at  low 
orders  in  perturbation  theory.  In  Fig.  6  I  show  the  real  and 
imaginary  parts  of  the  finite-temperature  polarizability 


n“(aj)  = 


1  f  f  exp(^£A:)exp(^£t+y)  -  1 

47t2  J  "  J  ''[exp(^£i)  +  l][exp(^£i+j)  +  1] 
0  0 


Fig.  6.  Frequency-dependent  polarizability  defined  by  eqn  (22)  for 
q=mn.  0). 
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xs  1  + 


4 


cos(A:;c)  cos{kx  +  qx)  +  cos(A:^)  cos{ky  qy)  + 


^k^k+q 


(JO  -  {8k  -  Bk+q)  +  in  -to  -  {8k  -  £k+q)  ”  in 


(22) 


for  q  =  (0.  Itt,  0).  It  may  be  seen  to  be  dominated  by  the 
thermally  excited  plasma  of  spinons  at  the  Dirac  points,  the 
zero-frequency  susceptibility  of  which  is  given  by 


1.  ^  .  X  21og(2) ,  ^ 

lim  HflCco)  = - ksT 

TT 


L  ^  J 


(23) 


This  plasma  screens  out  the  long-range  part  of  the 
“coulomb”  potential  and  supplies  low-frequency  thermal 
fluctuations  required  for  scattering  but  has  no  effect  on 
the  short-range  part  responsible  for  for  eqn  (21).  In  Fig.  7 
I  plot  the  trace  of  the  imaginary  part  of  the  approximate 
spinon  self-energy 


IrnLk{^)  = 


TT  TT 


Im 


^sinh[^(f +  f^4-^)] 
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^^cosh(^fjfc+^/2) 

^kfk-\-q 


1  - 


^k+q 


IT  TT 


cosh(^f/2) 

cosh(^fit+^/2) 


Evidence  for  electron  decay  in  photoemission  from  Sr2Cu02Cl2 


1631 


-i/mTrEk(e) 


Fig.  7.  Imaginary  part  of  spinon  self-energy  Sit(f)  as  given  by  eqn 
(24)  for  the  case  oiksT  =  0.2.  (All  energies  are  measured  in  units 
of  7eff  )  The  symbol  A  denotes  the  momentum  k  ~  {tt/I,  0). 


Fig.  8.  Imaginary  part  of  on-shell  spinon  self-energy 


where 


54  =  cosikx) 


1  0 
0  -1 


+  COS{ky) 


0  1 
1  0 


(25) 


for  the  case  of  ksT  =  0.2/etT.  It  may  be  seen  to  be  quite 
linear  near  the  Dirac  point  2  with  slope  approximately  one 
but  suppressed  elsewhere  in  the  zone.  At  higher  order  in 
perturbation  theory  one  expects  the  multi-body  collisions  to 
relax  the  kinematic  constraint  responsible  for  this  suppres¬ 
sion  and  cause  the  scattering  at  Z  to  appear  at  all  values 
of  k.  In  Fig.  8  I  plot  this  same  quantity  evaluated  on-shell, 
i.e.  at  the  unperturbed  spinon  energy,  as  a  function  of  mo¬ 
mentum.  It  may  be  seen  that  the  low-energy  scattering  at  Z 
is  artificially  suppressed  by  the  same  kinematic  effect,  but 
rises  to  about  ksT  within  a  spinon  thermal  momentum. 
The  graphs  responsible  for  eqn  (7)  are  not  included  in  this 
calculation,  so  the  appearance  of  a  scattering  rate  propor¬ 
tional  to  ksT  is  somewhat  fortuitous. 


5.  ELECTRON  SPECTRAL  FUNCTION 


Let  us  turn  finally  to  the  electron  spectral  function  plotted 
in  Fig.  2.  Note  that  there  are  six  phenomenological  fitting 
parameters  I  have  optimized  to  fit  the  data.  The  plotted 
curves  are  the  imaginary  part  of  the  propagator 


G,(£)  =  G5(£)|a- 


(1  -  a){E  -  fi)  -h 


-1 


where 
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TT  7T 
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(28) 


The  four  explicit  parameters  are 

f,  =  17.3  £2  =  3.2  £3  =  4  r/4ff  =  3. 1  (29) 


The  other  two  are  dimensionless  factors  in  eqns  (26)  and 
(29).  The  fundamental  basis  of  the  calculation  is  eqn  (27), 
which  represents  the  “unperturbed”  propagator  as  a  convo¬ 
lution  of  free-particle  Green’s  functions  for  the  spinon  and 
holon  decay  products.  Because  the  holon  is  extremely  light, 
the  minimum-energy  decay  puts  all  of  the  center-of-mass 
momentum  into  the  spinon  and  none  into  the  holon.  The 
bare  spectral  function  thus  consists  of  a  flat  continuum  with 
an  edge,  the  position  of  which  maps  out  the  dispersion  re¬ 
lation  of  the  spinon.  The  quasiparticle  in  this  theory  is  not 
a  proper  particle  at  all  but  a  scattering  resonance  caused 
by  an  attractive  potential  between  the  spinon  and  holon. 
This  is  fit  by  the  parameter  £3  above.  In  addition  to  this 
basic  physics  there  are  two  other  important  effects.  One  is 
the  energy-dependent  spinon  lifetime  discussed  in  the  previ¬ 
ous  section.  This  is  modeled  by  the  phenomenological  self¬ 
energy  Z(f),  which  also  appears  as  a  crude  vertex  correc¬ 
tion  in  eqn  (26).  The  parameter  relevant  to  this  self-energy 
is  £2.  The  other  effect  is  the  “transverse”  interaction  be¬ 
tween  the  spinon  and  the  holon,  which  causes  the  spectral 
function  of  the  t-J  model  at  F  and  M  to  peak  sharply  at  a 
mid-band  resonance  of  energy  roughly  2t  [12].  This  effect, 
which  makes  the  spinon  and  holon  bind  less  readily  away 
from  Z,  is  simulated  by  eqn  (29).  It  is  characterized  by  the 
parameter  £1. 

While  many  of  the  consistencies  of  Fig.  2  with  experiment 
are  compromised  by  the  fitting  procedure,  a  few  important 
ones  are  not: 

•  Along  the  line  F  —  M  the  “quasiparticle”  disperses  up 
from  below,  crosses  the  “fermi  surface”  ,  and  vanishes. 

•  There  is  a  “shadow  band”.' 

•  Along  the  line  F  X  the  spectral  function  forms  a 
shelf  but  never  a  peak. 

•  There  is  no  “fermi  surface”  at  X. 

•  The  “quasiparticle”  is  sharpest  at  Z. 

This  manuscript  and  all  codes  and  data  relevant  to  the 
generation  of  its  figures  are  available  by  anonymous  ftp  in 
the  directory  p01mar95  at  large.stanford.edu 
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ENERGY  GAP  STRUCTURE  IN  BILAYER  OXIDE  SUPERCONDUCTORS 
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Abstract — ^We  consider  a  model  for  bilayer  superconductors  where  an  interlayer  pairing  amplitude  Ax  co¬ 
exists  with  intralayer  pairing  A||  of  d^i^yi  symmetry.  This  model  is  motivated  by  a  recent  photoemission 
experiment  reporting  the  splitting  of  the  nodes  of  the  energy  gap.  In  addition  to  offering  a  natural  explanation 
of  this  observation,  the  model  has  a  number  of  new  experimental  consequences.  We  find  that  the  new  state 
is  accompanied  by  a  spontaneous  breaking  of  the  tetragonal  symmetry.  We  also  find  that  the  out-of-phase 
oscillation  of  Ax  and  A||  gives  rise  to  a  new  Raman  active  mode.  The  phase  of  Ax  may  also  become 
imaginary,  leading  to  a  state  which  breaks  time  reversal  S3mimetry,  which  may  have  important  implications 
for  tunnelling  experiments. 


In  the  past  two  years^  a  new  class  of  experiments  which 
are  phase  sensitive  have  provided  strong  evidence  for  a  sign 
change  of  the  order  parameter  as  a  function  of  angle  [1,2], 
consistent  with  d  symmetry.  At  the  same  time,  there  are  sev¬ 
eral  experiments  which  appear  to  be  inconsistent  with  the 
simple  state.  For  example,  Sun  et  al  [3],  have  made 
tunnel  junctions  between  Y BaiCu^Ons  (YBCO)  and  Pb 
and  obtained  Josephson  current  along  the  c-axis.  Secondly, 
a  recent  report  of  fractional  vortices  tied  to  grain  boundary 
interfaces  [4]  has  been  interpreted  as  requiring  a  time  rever¬ 
sal  symmetry  breaking  state  near  the  interface  [5].  Finally, 
Ding  et  al  [6]  measured  the  energy  gap  as  a  function  of  an¬ 
gle  usng  angular  resolved  photoemission  in  Bi2Sr2CaCu208 
(Bi-2212)  and  claim  that  the  energy  gap  does  not  vanish 
along  (tt,  7t)  as  expected  for  the  state.  Instead,  the 

node  is  split  into  two,  lying  approximately  lO*"  from  the  45° 
line.  Another  group  [7]  also  reported  a  finite  energy  gap 
in  the  (tt,  tt)  direction  and  studied  its  temperature  depen¬ 
dence.  Taken  together,  these  experiments  suggest  that  the 
energy  gap  structure  may  be  more  complicated  than 
In  this  paper  we  take  the  point  of  view  that  all  the  experi¬ 
ments  mentioned  above  have  been  carried  out  correctly  and 
ask  the  question:  can  a  modification  of  the  d^i-yi  state  pro¬ 
vide  a  scenario  whereby  the  experiments  can  be  explained? 
It  turns  out  that  by  assuming  the  existence  of  an  interlayer 
pairing  order  parameter,  an  explanation  of  the  experiments 
naturally  emerges.  We  also  show  that  the  assumption  leads 
to  a  number  of  predictions  which  can  be  tested  experimen¬ 
tally. 

Band  structure  calculations  have  yielded  a  surprisingly 
large  interlayer  hopping  term  between  the  bilayers,  given 
by  tAk)c\^{k)c2cr(k)  where  1  and  2  refer  to  the  layers. 
Chakravarty  et  al  [8]  have  proposed  the  parametrization 
tAk)  =  cos  with  ^x  «  0.24  eV.  Andersen 

et  al  [9]  recently  showed  that  the  unusual  k  dependence  orig- 
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inates  from  hopping  via  the  Cu  4^'  orbitals,  and  that  it  leads 
to  an  interlayer  exchange  energy  of  order  /x  ~  20  meV,  con¬ 
sistent  with  the  lower  bound  of  8  meV  given  by  neutron  scat¬ 
tering  [10].  It  has  been  proposed  [11,12]  that  the  relatively 
large  exchange  term,  when  enhanced  by  intralayer  antiferro¬ 
magnetic  correlations,  is  responsible  for  the  spin  gap  phase 
found  in  bilayer  systems  [13].  Furthermore,  Ubbens  and  Lee 
[11]  have  argued  that  in  the  superconducting  phase,  a  pairing 
amplitude  A12  =  {Ci\(r)c2\{r))  appears  in  addition  to  the 
intraplane  order  parameter  A//(/;)  =  {cn(r)cn(r  +  f/)),  i  = 
L  2  which  is  of  d  symmetry.  This  leads  to  a  quasi-particle 
dispersion  relation  E±(k)  =  (g^  -b  |A|[  ±  Ax  P)^  where  = 
€fc  “  A||(^)  and  Ax  are  proportional  to  An  =  A22  and 

A 12  respectively.  Since  the  nodes  of  this  state  are  given  by 
the  zeros  of  |  A|[  ±  Ax  I,  if  A||  has  d^i^yii  symmetry,  the  nodes 
are  shifted  from  the  45°  direction  and  split  into  two  nodes 
[1 1].  This  provides  a  natural  explanation  of  the  observation 
by  Ding  et  al  [6]. 

Encouraged  by  the  experiment,  we  decided  to  re-examine 
the  interlayer  pairing  model.  Ubbens  and  Lee  [11]  included 
7x  but  not  the  fx  term  in  their  consideration.  In  this  paper 
we  add  both  the  U  and  7x  terms  to  the  standard  t  -  J 
model.  Wheras  Ubbens  and  Lee  attempted  to  justify  the 
appearance  of  A12  microscopically,  in  this  paper  we  take 
a  more  phenomenological  approach  and  assume  the  co¬ 
existence  of  Ax  and  A\\ .  This  is  motivated  by  experiment:  as 
far  as  we  know,  the  present  scenario  is  the  only  one  which 
is  consistent  with  both  the  node  splitting  [6]  and  the  sign 
change  of  the  order  parameter  as  k  varies  from  0  to  7r/2,  as 
required  by  the  corner  SQUID  experiment  [1].  The  purpose 
of  this  work  is  to  explore  the  consequences  of  the  assumed 
interlayer  pairing  amplitude,  so  that  further  experiments  can 
confirm  or  falsify  this  picture. 

We  begin  by  treating  the  bilayer  t  -  J  model  (including 
t±  and  J±)  using  the  slave  boson  mean  field  method,  which 
is  equivalent  to  the  Gutzwiller  approximation.  The  tight 
binding  band  €{k)  =  -2t (cos kxa  +  cos kya)  is  split  into 
bonding  and  anti-bonding  bands  g±  =  (ci  ±  C2)/V^  with 
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Fig.  1.  Mtan  fiefd  calcuiation  of  the  Fermi  surface  including 
hoj'ping  betw  ;er  bilayers  for  hole  doping  x  =  0. 1 5.  The  parameters 
t(J  =  "  2.4  and  J^fJ  =  0.2  are  used.  The  solid  and 

dashed  lim  s  are  the  Fermi  surfaces  for  the  bonding  (g+)  and 
an^ibonJIng  ig-)  bands.  Solid  and  dashed  arrows  indicate  the 
approximate  location  of  the  nodes  associated  with  A+  and  A-  in 
the  d  \-s  state.  The  insert  shows  a  schematic  picture  of  the  angular 
dependence  (0  =  0  is  along  the  F  -  M  axis)  of  the  gap  functions 
|A+|  (solid)  and  tA_|  (dashed)  for  the  d  +  5  state  (Ai  real  and 
positive).  Note  that  A±  are  associated  with  the  solid  and  dashed 
Fermi  surfaces  respectively.  For  the  d  —  s  state,  1 A+ !  is  given  by 
the  dashed  line. 


split  as  before,  but  the  split  nodes  are  associated  with  the 
±  bands  separately,  as  indicated  in  Fig.  1 .  It  is  clear  from 
Fig.  1  that  for  real  Ai,  the  onset  of  interlayer  pairing  im¬ 
plies  a.  spontaneous  breaking  of  the  tetragonal  symmetry 
of  the  model.  This  is  a  consequence  of  the  inclusion  of  /j.. 
The  two  degenerate  states  of  the  broken  symmetry  corre¬ 
spond  to  Ai  being  positive  or  negative.  We  shall  refer  to 
these  degenerate  states  ?iS  d  ±  s.  Due  to  the  vanishing  of 
t^(k)  along  (Tr,7r),  this  assymmetry  is  difficult  to  resolve 
near  the  nodes.  However,  in  a  given  domain,  the  g+  band 
has  a  different  gap  along  MY  than  MY  and  the  resulting 
asymmetry  in  the  electronic  state  is  expected  to  couple  lin¬ 
early  to  the  orthorhomic  strain  e  =  (a  -  b)l(a  +  b). 

There  is  one  additional  complication  to  this  discussion, 
in  that  we  should  consider  the  possibility  that  Aj.  is  purely 
imaginary.  We  shall  refer  to  this  state  as  ^  +  w,  which  has 
a  minimum  gap  of  |Ai|.  Indeed,  a  mean  field  calculation 
shows  that  this  state  is  lower  in  energy  than  d  +  s.  The 
Ginzburg-Landau  free  energy  is  given  by  F  -  +  Fe,  where 

for  simplicity  we  have  fixed  An  =  A22  =  A||, 

Fq  -  a\\  I  A||  1^  +  ^11 1  A||  1"*  +  I  Ax  P  +  I  Ax  1"^ 

+  tfilAiiPlAxI^ +  ^2(A^a5*  +ca)  (3) 


dispersion  e±(k)  =  e(^)  ±  ?x(^)>  where  t  is  of  order  J 
and  ^  X^t^k)  where  To  is  of  order  x,  the  doping 

concentration.  Thus,  in  the  mean  field  theory  the  effective 
interlayer  hopping  is  reduced  by  x,  simply  because  in  the 
strongly  correlated  metals,  the  electron,  on  average,  must 
find  a  vacancy  to  hop. 

The  resulting  Fermi  surface  is  shown  in  Fig.  1  for  x  = 
0. 15.  As  emphasized  by  Andersen  [14],  in  the  normal  state, 
coherent  hopping  is  really  not  possible  between  the  layers. 
We  expect  the  bonding-antibonding  splitting  to  be  smeared 
out,  but  a  region  of  low  lying  excitations  may  exist  in  the 
k  space  between  the  two  Fermi  surfaces.  Figure  !  bears  a 
striking  resemblarxe  to  the  photoemissicn  data  of  Dessau 
et  at.  [15]. 

In  the  fuperconductmg  state,  coherent  hopping  between 
the  planes  occurs,  and  w?  should  take  tl)e  band  split¬ 

ting  seriously.  With  the  basis  sets  (cik\>  cxk\, 
the  mean  field  Hamiltonian  takes  the  form 

r  c{k)  -  IJ  Aii(/:)  h  (^)  ^-L 1 

AJ(A-)  -6(.^)fp  At  !  (1) 

h(k)  Ax  h(k)  -  tu  Ai!(k)  j 

At  -tjk)  A^{L)  + 

It  is  easily  sen  that  the  bonding  anti-bonding  bands  g± 
block  diagonalize  this  matrix,  so  that  the  g±  bands  are 
separately  paired  by  A±(k)  =  A|j(k)  ±  Ax,  resulting  in  the 
quasi-particle  spectrum 

E±{k)  =  (§2(A:)  +  |A||(k)±Axl)^  (2) 

where  §±(it)  =  e±{k)  -  ju.  We  can  choose  An  to  be  real 
and  positive.  If  Ax  is  also  real  and  positive,  the  nodes  are 


Fe  =  (xe(A|[A* cc)  (4) 

where  Fe  describes  the  linear  coupling  to  the  strain  discussed 
earlier.  [17]  In  mean  field  theory,  we  found  that  d\  =  4d2  > 
0.  If  we  write  Ax  =  lAxI^'"^,  the  d2  term  is  proportional  to 
cos2</>  with  a  positive  coefficient,  and  is  minimized  by  </>  = 
J.  The  Fc  term,  on  the  other  hand,  is  proportional  to  cos</>, 
so  that  </)  =  0  or  7T  (the  d±s  state)  is  stabilized  in  systems 
with  pre-existing  orthorhomic  distortions  such  as  YBCO. 
In  tetragonal  systems,  we  add  an  elastic  energy  term  Fe  = 
to  F  and  minimize  with  respect  to  e.  This  produces 
a  term  -2(a2/K)|Ax  PiA||  P  cos^  ^  which  opposes  the  tfe 
term.  The  d  s  state  is  stabilized  provided  y  >  The 
observation  of  split  nodes  in  the  nominally  tetragonal  Bi- 
2122  presumably  means  that  this  condition  is  satisfied  and 
d  + s  is  stabilized.  Thus  we  predict  that,  for  bilayer  systems 
with  tetragonal  symmetry,  a  superconducting  state  with  split 
nodes  is  accompanied  by  a  spontaneous  breaking  of  the 
tetragonal  symmetry.  The  Bi-2122  compound  is  not  truly 
tetragonal  due  to  the  superlattice  modulation  in  the  (tt,  rr) 
direction,  but  the  a  and  b  lattice  constants  are  predicted  to 
become  unequal  at  low  temperature.  The  best  test  of  the 
prediction  is  probably  in  tetragonal  materials  such  as  the 
bilayer  mercury  compounds.  Even  in  YBCO,  we  expect  an 
additional  distortion  below  Tc.  There  is  evidence  for  this  in 
the  literature  [16].  The  coupling  to  lattice  distortions  also 
lead  us  to  expect  anomalies  in  the  transverse  ultra  sound 
velocity  below  7^  [17]. 

As  mentioned  earlier,  ih&  d  +  s  state  explains  the  pho¬ 
toemission  data  of  ref  6.  Indeed,  the  lower  branch  min 
(A+,  A-)  shown  in  the  insert  of  Fig.  1  can  be  fitted  to  the 
experimental  data  with  Ai|(^  =  0)  w  30  meV  and  Ax  « 
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5  to  9  meV  [18].  In  ref.  6,  only  data  associated  with  the  g- 
band  (dashed  line  in  Fig.  1)  was  shown.  The  question  arises 
as  to  what  happened  to  the  upper  branch  of  the  insert  in 
Fig.  1.  Two  possibilities  need  to  be  examined:  the  photoe¬ 
mission  may  be  from  a  single  domain  of  j  state  or  from 
multiple  domains  of  d s  and  d~s.  In  the  first  case  we  ex¬ 
pect  a  single  peak  with  different  gaps  (Ay  (^  =  0)  ±  Ai)  at 
the  y  and  M-Y  crossings.  In  the  second  case  the  peak 
should  be  a  superposition  of  two  peaks  with  a  splitting  of 
2Ax.  The  data  is  consistent  with  a  splitting  of  10  meV  or 
less  [18]  which  may  require  a  slight  angular  dependence  of 
Ax(^)  so  that  it  is  smaller  along  T  -  M  than  along  Y  -  Y. 
At  present,  data  is  not  available  which  covers  both  Y  -  M 
and  Y-M  quadrants  in  the  same  sample,  so  that  these  two 
possibilities  cannot  be  distinguished. 

The  existence  of  several  order  parameters  should  lead  to 
new  collective  modes,  which  are  amplitude  and  phase  modes 
associated  with  A/y  =  j  =  1,2.  The  amplitude 

modes  are  expected  to  be  high  in  frequency  and  damped 
and  we  shall  focus  on  the  phase  modes  only.  There  are  three 
modes  corresponding  to  the  three  phase  degrees  of  freedom. 

(1)  The  in-phase  oscillation  of  Au,A22,  A12  is  the 
Bogoliubov-Anderson  mode  which  is  coupled  to  total 
charge  density  and  pushed  up  to  the  plasma  frequency. 

(2)  The  out-of-phase  mode  (pu  -  (f>22-  This  is  nothing  but 
the  Josephson  plasma  mode.  We  estimate  its  frequency  to 
be  cuj  w  x/x(A|]  /J)2  which  is  quite  high,  so  that  this  mode 
is  probably  strongly  damped. 

(3)  Finally,  the  mode  which  is  of  greatest  interest  to  us 
is  the  out-of-phase  oscillation  between  (I>i2  and  (pn  =  <t>22> 
Since  the  free  energy  given  by  eqn  (3)  depends  weakly  on 
this  phase  difference,  we  expect  this  mode  to  be  low-lying 
in  frequency.  Furthermore,  this  phase  mode  leads  to  a  re¬ 
arrangement  of  the  quasi-particle  spectrum  in  the  plane, 
since  a  change  in  4>i2  from  0  to  y  interpolates  between  the 
d'^s  and  d  -1-  is  states.  This  should  couple  to  charge  oscilla¬ 
tion  within  each  plane,  but  with  the  total  charge  conserved 
within  each  layer.  Thus,  we  expect  this  mode  to  be  Raman 
active. 

We  briefly  discuss  the  experiment  of  ref  5,  where  a 
Josephson  current  is  observed  along  the  c  axis  between 
YBCO  and  a  conventional  superconductor.  The  d  +  s  state 
by  itself  cannot  explain  why  the  critical  current  is  relatively 
insensitive  to  whether  the  YBCO  is  untwinned  or  highly 
twinned.  This  is  because  the  coupling  to  the  lattice  strain 
e  [shown  in  eqn  (4)]  will  lock  the  +  5  state  to  one  set  of 
twins  and  the  -  5  states  to  the  other.  Since  the  d  order 
parameter  is  insensitive  to  twinning  (otherwise  the  phase 
sensitive  experiment  of  references  1  and  2  will  not  work  in 
twinned  samples),  the  Josephson  current  will  have  opposite 
signs  on  the  two  sets  of  twins  and  tend  to  cancel.  One 
possible  way  out  of  this  dilemma  is  to  postulate  the  exis¬ 
tence  of  regions  where  the  d  +  is  becomes  stabilized.  This 
is  plausible  due  to  the  small  energy  differences  expected 
and  can  happen  near  the  twin  boundaries.  Recently  we 
analyzed  how  the  ^/  +  .y  state  is  connected  to  the  -  .y  state 


across  a  twin  boundary  using  Landau  theory  [20].  Naively 
one  might  expect  that  the  s  component  changes  sign  and 
vanishes  at  the  twin  boundary.  However,  we  find  that  the 
system  can  take  advantage  of  the  complex  nature  of  the 
order  parameter  and  continuously  winds  the  phase  of  the 
s  order  parameter  from  0  to  tt,  so  that  it  goes  through  y 
near  the  twin  boundary,  i.e.,  a  region  of  +  is  is  produced. 
It  is  then  possible  to  have  coherent  Josephson  tunnelling 
into  the  d  +  is  regions  from  the  conventional  superconduc¬ 
tors.  We  believe  this  scenario  offers  an  explanation  of  the 
experiment  of  Sun,  et  al  [3]. 

The  trapped  fluxes  on  grain  boundaries  between  YBCO 
films  with  different  orientations  are  measured  and  inter¬ 
preted  as  being  due  to  the  appearance  of  fractional  charged 
vortices  [4].  Such  vortices  require  the  existence  of  a  time- 
reversal  symmetry  breaking  state  near  the  interface  [5].  Re¬ 
cently,  Kuboki  and  Sigrist  [21]  offered  an  explanation  of 
this  state  as  being  due  to  an  admixture  with  a  proximity  in¬ 
duced  s  component  of  the  order  parameter.  In  our  picture, 
the  possible  existence  of  the  complex  d  +  is  state  near  an 
interface  suggests  an  alternative  origin  of  the  time-reversal 
symmetry  breaking  state.  The  two  alternatives  can  be  dis¬ 
tinguished  by  searching  for  similar  effects  in  single  layer 
materials. 
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Abstract — 

The  van  Hove  scenario  can  provide  a  unified  framework  for  understanding  many  of  the  anomalous  su¬ 
perconducting  and  normal-state  properties  of  the  high- Tc  cuprates.  The  present  paper  m\{  review  evidence 
for  a  novel  form  of  electron-phonon  coupling  associated  with  splitting  the  degeneracy  of  two  van  Hove 
singularities  (vHs):  a  van  Hove  Jahn-Teller  (JT)  effect.  The  JT  distortions  can  give  rise  to  dynamical  local 
tilting  and  breathing  modes,  and  the  onset  of  the  instability  will  appear  as  a  pseudogap  phase.  The  local 
breathing  mode  excitations  give  rise  to  large  polaronic  effects.  In  particular,  there  can  be  large  polaronic 
band  renormalizations,  but  only  in  the  vicinity  of  a  vHs — even  when  the  vHs  is  away  from  the  Fermi  level. 
This  can  provide  an  explanation  for  the  “extended  vHs”  observed  in  the  cuprates. 


1.  INTRODUCTION 

Angle-resolved  photoemission  has  posed  an  interesting  co¬ 
nundrum  for  the  van  Hove  scenario  in  the  high-Tc  cuprates: 
while  the  Fermi  level  is  pinned  close  to  a  van  Hove  sin¬ 
gularity  (vHs)  in  optimally  doped  YBa2Cu307  (YBCO)  [1] 
and  Bi2Sr2CaCu208  (Bi-2212)  [2],  there  are  other  cuprates 
(e.g.,  Bi-2201)  for  which  proximity  to  a  vHs  does  not  lead 
to  high  Tc  values  [3].  This  can  be  caused  by  competing  in¬ 
stabilities,  such  as  charge  or  spin  density  waves,  but  there 
is  no  evidence  for  a  long-range  ordering  transition.  Within 
the  vHs  model,  there  is  a  strong  electron-phonon  coupling, 
associated  with  a  novel  Jahn-Teller  (JT)  effect,  in  which 
a  structural  distortion  splits  the  degeneracy  of  two  vHs. 
These  distortions  take  the  form  of  dynamic  octahedral  tilts 
in  the  La  cuprates  (pyramidal  tilts  in  YBCO).  I  propose 
that  the  competing  phase  is  associated  with  this  short-range 
structural  disorder,  and  furthermore  that  the  onset  of  the 
tilting  instability  can  be  identified  with  the  experimentally 
observed  pseudogap  phase. 

In  La2_jcBaxCu04  (LBCO)  and  La2-xSrxCu04  (LSCO), 
the  macroscopic  symmetry  is  such  that  the  vHs  degener¬ 
acy  is  split  only  in  the  low-temperature  tetragonal  (LTT) 
phase.  This  phase  behaves  like  a  static  JT  phase:  when  the 
tilting  of  the  CuOe  octahedra  is  large  enough,  superconduc¬ 
tivity  is  destroyed.  However,  the  vHs  can  also  play  a  role  in 
the  high-temperature  tetragonal  (HTT)  and  low-tempera¬ 
ture  orthorhombic  (LTO)  phases,  via  a  dynamic  JT  effect, 
in  which  locally  the  octahedra  have  a  predominantly  LTT- 
like  distortion,  and  the  macroscopic  symmetry  is  restored 
by  dynamic  tunneling  between  adjacent  minima.  Quite  re¬ 
cently,  a  number  of  features  of  this  model  appear  to  have 
been  confirmed  experimentally. 

In  particular,  there  should  be  a  critical  temperature,  T* 
within  the  HTT  phase,  marking  the  onset  of  this  tilt  insta¬ 
bility.  Such  a  local  structural  instability  can  lead  to  ''ghost” 


Fermi  surfaces,  peaks  in  the  density  of  states,  and  anoma¬ 
lous,  T-dependent  Hall  effects,  as  a  density  wave  gap  starts 
to  open.  Such  "pseudogap”  phases  are  found  in  both  the 
HTT  phase  of  LSCO  and  in  YBCO,  and  moreover  the  gap 
onsets  are  associated  with  a  number  of  phonon  anomalies. 
The  VHS  model  can  reproduce  the  doping  dependence  of 
this  pseudogap. 

A  number  of  recent  experiments  which  probe  local  order 
are  providing  very  suggestive  evidence  of  the  dynamic  JT 
state.  There  appears  to  be  an  extremely  broad  distribution 
of  octahedral  tilt  angles  in  the  LTO  phase,  from  essentially 
zero  tilt  up  to  some  maximum  value.  Furthermore,  the  local 
tilt  of  an  individual  CuOe  octahedron  in  LBCO  was  found 
to  have  LTT  symmetry,  even  in  the  LTO  phase.  The  LTO 
order  is  built  up  over  an  extended  domain,  of  dimensions 
--  10  J[.  These  observations  are  in  good  agreement  with  the 
present  dynamic  JT  model. 

Recently,  I  have  shown  that,  in  addition  to  the  quadratic 
tilt  mode  coupling  to  electrons,  there  is  a  linear  coupling 
with  0-0  breathing  modes.  This  in  turn  leads  to  a  polaronic 
model  of  the  strong  electron-phonon  coupling. 


2.  THE  VAN  HOVE  SCENARIO 

The  'van  Hove  scenario’  of  high-Tc  superconductivity 
may  be  stated  as  follows.  There  is  one  (or  more)  van  Hove 
singularity  (vHs)  in  the  immediate  vicinity  of  the  Fermi  level 
in  the  cuprates,  and  this  controls  the  anomalous  normal 
state  and  superconducting  properties.  The  doping  of  opti¬ 
mum  Tc  occurs  when  the  Fermi  energy  coincides  with  the 
vHs,  at  which  point  the  normal  state  resistivity  is  linear  in 
T  and  co.  Correlation  effects  tend  to  keep  the  Fermi  level 
pinned  close  to  the  vHs  over  an  extended  doping  range.  The 
pairing  mechanism  may  have  an  anomalous  electronic  con¬ 
tribution  [4],  and  the  gap  may  have  d-wave  symmetry  [5]. 
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The  large  density  of  states  associated  with  the  vHs  acts  to 
enhance  Ti,  hut  it  can  also  enhance  other  forms  of  instabil¬ 
ity,  particularly  structural  (Peierls-like)  or  magnetic  (spin- 
Peierls).  It  is  the  latter,  particularly  structural,  instabilities 
that  this  paper  is  concerned  with. 


3.  THE  VAN  H0\T:  JAHN-^TELLER  EFFECT 

The  cuprates  can  have  an  anomalous  electron-phonon 
coupling,  which  is  a  form  of  band  Jahn-Teller  (JT)  effect, 
with  symmetry-related  vHs  providing  the  electronic  degen¬ 
eracy  [6,7].  There  can  be  a  static  JT  phase — ^this  seems  to  be 
realized  in  the  low-temperature  tetragonal  (LTT)  phase  of 
La2-xBaxCu04  (LBCO)  and  Nd-substituted  La2-xSr;cCu04 
(LSCO).  Here,  the  structural  distortion  is  associated  with 
an  octahedral  tilt,  which  splits  the  vHs  degeneracy  and  de¬ 
stroys  superconductivity. 

A  more  interesting  possibility  is  that  the  vHs  can  induce 
short-range  order,  via  a  dynamic  TY  phase  [8].  Thus,  the  low- 
temperature  orthorhombic  (UI’O)  phase  of  LSCO  is  also 
associated  with  an  octahedral  tiJt,  differing  from  the  LTT 
phase  only  in  the  tilt  axis.  However,  the  vHs  degeneracy  is 
only  split  in  the  LTT  phase,  not  the  LTO.  I  have  proposed 
that  the  LTO  phase  is  a  dynamic  JT  phase,  in  which  the  mi¬ 
croscopic  symmetry  is  LTT,  and  splits  the  vHs  degeneracy, 
but  tunneling  bet'veen  adjacent  free  energy  minima  restores 
LTO  symmetry  on  a  macroscopic  length  scale.  Similarly,  the 
high-temperature  tetragonal  phase  actually  imolves  a  dy¬ 
namic  JT  phase,  with  tunneling  between  all  four  minima. 
The  vHs  degeneracy  is  first  split  at  the  onset  of  this  tilting 
instability,  which  therefore  corresponds  to  the  opening  of  a 
pseudogap. 


4.  POLARONS 

While  the  actual  soft  mode  is  associated  with  a  tilt  insta¬ 
bility,  there  is  evidence  that  other,  higher-frequency  breath¬ 
ing  modes  are  also  softening  and  contributing  to  the  short- 
range  order.  Quite  recently,  I  have  analyzed  the  doping  de¬ 
pendence  of  the  LTO  transition  in  LSCO.  The  dominant 
ionic  effect  contributing  to  this  transition  is  the  variation 
of  the  in-plane  Cu-O  bond  length  with  doping.  Such  large 
bond-length  changes  are  suggestive  of  strong  valence  fluctu¬ 
ation  effects,  which  will  lead  to  strong  coupling  of  electrons 
with  in-plane  breathing  modes.  Short-range  fluctuations  of 
these  modes  can  also  contribute  to  the  dynamic  Jl'  effect, 
with  the  important  distinction  that  they  can  couple  linearly 
to  the  electrons.  This  linear  coupling  can  load  to  strong  po- 
laronic  effects. 

I  have  been  analyzing  these  effects,  both  in  the  Peierls 
regime  in  the  doped  materials,  and  in  the  spin -Peierls  regime 
near  half  filling.  Among  the  results  of  these  studies  are:  (1) 
there  can  be  strong  electron- phonon  coupling  even  in  the 
insulating  phase  near  half  fillhig.  (2)  In  >  j  coped  material, 


Fig.  1.  Polaronic  band  narrowing  near  a  vHs.  Symbols — 
photoemission  data  of  Ref  [2]  for  Bi2Sr2CaCu208;  dashed  line — 
correlation  corrected  theory;  solid  line — ^theory  with  additional 
polaronic  band  narrowing. 


the  strongest  coupling  is  with  the  0-0  breathing  modes;  the 
Cu-Cu  breathing  modes  do  not  split  the  vHs  degeneracy. 
(3)  There  can  be  strong  polaronic  band  renormalizations, 
but  only  near  the  vHs,  even  when  these  are  not  at  the  Fermi 
level  [9]!  This  can  provide  a  plausible  explanation  for  the 
experimental  observations  of  “extended  vHs”.  For  exam¬ 
ple,  Fig.  1  shows  the  photoemission-derived  energy  disper¬ 
sion  in  Bi2Sr2CaCu208.  While  the  overall  linewidth  is  con¬ 
sistent  with  theory  (dashed  line),  if  correlation  effects  are 
included,  the  dispersion  is  considerably  narrower  near  the 
vHs.  Polaronic  coupling  narrows  the  dispersion  by  a  factor 
of  1/(1  -I-  A)  within  a  phonon  frequency  hco  oY  the  vHs. 
The  solid  line  in  Fig.  1  shows  the  resultant  narrowing,  as¬ 
suming  A  -  3,  hco  =  40  meV.  Since  the  narrowing  is  tied  to 
the  vHs,  and  not  the  Fermi  level,  the  same  theory  can  also 
explain  the  extended  vHs  observed  in  YBa2Cu408,  which 
is  ~  19meV  below  the  Fermi  level  [Ij. 

The  reason  that  the  strong  renormalization  is  localized 
near  the  vHs  is  interesting.  At  a  vHs,  the  Fermi  velocity 
vjr  vanishes,  so  the  system  is  in  an  anti-Born-Oppenheimer 
limit:  phononic  rearrangements  are  fast  compared  to  elec¬ 
tronic  motions.  Thus,  when  a  hole  hops  from  one  O  to  an¬ 
other,  the  ions  have  time  to  locally  rearrange,  giving  rise  to 
states  of  well-defined  valence.  Equivalently,  the  system  is  in 
an  ionic  limit  near  a  vHs,  and  a  covalent  limit  away  from 
the  vHs. 


5.  EXPERIMENTAL  EVIDENCE:  PSEUDOGAPS 

The  dynamical  JT  phase  in  LSCO  can  most  easily  be 
detected  from  the  onset  of  the  tilting  instability  in  the  HTT 
phase,  when  the  vHs  degeneracy  first  starts  to  split.  This 
will  appear  as  the  opening  of  a  pseudogap,  and  should  be 
associated  with  a  number  of  anomalies.  The  decrease  in 
the  dos  should  be  reflected  in  the  susceptibility  and  heat 
capacity.  Since  only  the  regions  of  Fermi  surface  near  the 
vHs  are  gapped,  the  Fermi  surface  topology  can  change, 
leading  to  an  anomalous  Hall  effect  and  “ghost”  Fermi 
surfaces.  Since  the  gap  opens  gradually,  the  Hall  effect  can 
have  a  strong  T-dependence  [10].  A  pseudogap  phase  with 
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just  these  properties  was  recently  observed  in  LSCO  [11]. 

In  YBCO,  a  neutron  diffraction  study  found  evidence  for 
a  local  instability  of  pyramidal  tilts  [12].  Correspondingly, 
there  is  considerable  evidence  for  a  “pseudogap”  in  YBCO, 
including  peaks  in  the  magnetic  susceptibility  [13]  heat  ca¬ 
pacity  [14],  and  dynamic  structure  factor  [15].  The  doping 
dependence  of  the  pseudogap  is  well  described  in  the  vHs 
model  [16]:  the  pseudogap  is  actually  largest  near  half  fill¬ 
ing,  and  decreases  with  doping,  until  it  coincides  with  Tc 
near  optimum  doping. 

Indeed,  most  of  the  phonon  anomalies  which  had  been 
associated  with  Tc  actually  track  the  pseudogap  as  doping 
is  varied.  This  includes  the  softening  of  the  Raman  active 
335  cm"^  phonon  [17]  and  the  peak  of  the  ^i^-symmetry 
electronic  Raman  continuum  [18].  Moreover,  near  the  pseu¬ 
dogap  onset,  there  is  an  anomaly  of  c-axis  phonons,  in 
which  the  sharp  reflectivity  peaks  of  three  phonon  modes 
smear  out  into  a  broad  continuum  as  T  is  lowered  [19]. 
More  work  is  needed  to  confirm  that  all  of  these  phenom¬ 
ena  occur  at  precisely  the  same  pseudogap  temperature, 
but  they  all  clearly  commence  at  temperatures  considerably 
above  the  superconducting  transition  in  underdoped  mate¬ 
rials.  Similar  extreme  (“glassy”)  phonon  disorder  is  found 
in  Bi2Sr2ACu208  (A=Ca,Y)  [20],  but  the  onset  temperature 
was  not  determined. 


6.  EXPERIMENTAL  EVIDENCE:  SHORT-RANGE 
ORDER 

There  is  also  some  more  direct  evidence  for  short-range 
order  consistent  with  the  vHs—JT  scenario  below  the  pseu¬ 
dogap  transition.  Thus,  in  La2Cu04-f-5,  the  octahedral  tilt 
angle  shows  considerable  disorder,  ranging  from  nearly  zero 
up  to  some  maximum  value  [21].  In  LBCO,  a  neutron 
diffraction  study  of  pair  correlation  functions  [22]  finds  that 
the  local  tilt  in  the  LTO  phase  has  LTT  symmetry  in  do¬ 
mains  of  ~  10  diameter,  with  LTO  symmetry  built  up  on 
larger  length  scales.  These  observations  provide  a  striking 
confirmation  of  the  dynamic  JT  model,  since  such  local  or¬ 
der  is  not  expected  in  most  other  models.  Moreover,  such 
short-range,  dynamical  fluctuations  can  themselves  provide 
a  significant  pairing  mechanism.  Indeed,  similar  dynamic 
JT  effects  have  now  been  predicted  in  the  Cso -based  super¬ 
conductors,  and  the  anomalous  properties  of  “Berryonic 
matter”  are  just  beginning  to  be  explored  [23]. 
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Abstract— The  phenomenology  and  theory  of  spin  gap  effects  in  high  temperature  superconductors  is 
summarized.  It  is  argued  that  the  spin  gap  behavior  can  only  be  explained  by  a  model  of  charge  0  spin  1/2 
fermions  which  become  paired  into  singlets  and  that  there  are  both  theoretical  and  experimental  reasons  for 
believing  that  the  pairing  is  greatly  enhanced  in  the  bilayer  structure  of  the  YiBa2Cu306+;c  system. 


Keywords:  NMR,  antiferromagnetic  correlations,  spin-charge  separation. 


The  spin  dynamics  of  the  high  Tc  superconductors  are 
anomalous  in  several  ways.  The  aspect  of  interest  here  is 
shown  in  Fig.  1,  in  which  the  uniform  spin  susceptibility 
Xq(T)  =  limq^Qxiq^oo  =  0)  is  plotted  for  several  high  Tc 
materials.  Focus  first  on  the  data  for  YBa2Cu40g.  This 
is  typical  of  the  “underdoped”  members  of  the  yttrium- 
barium  family  of  high  temperature  superconductors.  Now 
the  optimally  doped  member  of  this  family,  YBa2Cu307, 
displays  the  xiT)  expected  for  a  fermi  liquid:  it  is  large, 
about  3  states/eV-Cu  [1],  and  temperature  independent. 
YBa2Cu408  displays  two  regimes.  For  T  >  T*  a  200  K, 
a  A  BT  with  A  =  1.5states/eV-Cu  and  B  = 
1.6  X  10"^states/eV-Cu-K;  for  T  <  T*,  xq(T)  drops  more 
rapidly.  Neither  temperature  regime  is  compatible  with 
fermi  liquid  theory;  the  low  temperature  regime  is  particu¬ 
larly  difficult  to  explain.  The  oxygen  relaxation  rate 
shown  in  Fig.  2  for  several  high  Tc  materials,  displays 
similar  anomalies.  This  is  related  to  the  low  vo  limit  of 
the  imaginary  part  of  the  spin  susceptibility  as  discussed 
in  [1).  The  data  shown  in  Fig.  2  therefore  imply  that  the 
anomalous  behavior  found  in  YBa2Cu408  at  oj  =  0  and 
^  —  0  persists  for  a  range  of  q,  at  small  co. 

In  a  fermi  liquid  the  spin  response  is  determined  by  a 
continuum  of  particle-hole  pair  excitations.  The  non-fermi 
liquid  temperature  dependences  observed  in  YBa2Cu408 
imply  that  in  this  material  the  particle-hole  continuum  has 
been  modified  in  some  essential  way.  We  argue  that  (i)  the 
data  for  T  >  T*  imply  that  in  YBa2Cu408  a  particle-hole 
continuum  of  spin  excitations  still  exists,  (ii)  the  behavior  at 
T  <  T*  can  only  be  explained  if  the  fermions  making  up 
the  particle-hole  continuum  are  pairing  into  singlets,  (iii) 
because  this  singlet  pairing  is  not  associated  with  the  onset 
of  superconductivity  or  superconducting  fluctuations,  spin- 
charge  separation  must  occur  and  (iv)  there  are  both  theo¬ 
retical  and  experimental  reasons  for  believing  that  the  pair¬ 
ing  is  greatly  enhanced  in  the  bilayer  structure  of  the  Y-Ba 


Fig.  1.  Spin  susceptibilities  for  YBa2Cu408  (filled  squares)  and 
La2-xSrxCu04  (x  =  0.08,  open  circles,  x  =  0.14  open  triangles, 
X  -  0.18,  open  squares).  The  solid  line  is  the  slope  predicted  by 
the  quantum  critical  regime  ofthe  r  =  1  theory  with  the  spin  wave 
velocity  appropriate  to  La2Cu04. 


system.  These  points  are  not  new;  here  we  aim  to  clarify  the 
issues  and  summarize  the  present  theoretical  understanding. 

We  consider  T  >  T*  first.  In  this  regime  the  copper 
NMR  relaxation  rates  and  both  increase  by 

almost  a  factor  of  two  as  T  is  lowered  from  400  K  to  200  K 
[2].  7i  measures  lima,^oI]^  x”  a))/co  while  Ti  measures 
(^qX'(q,  CO  =  0)^)^/^  [3].  The  simultaneous  increase  can  to 
our  knowledge  only  be  explained  by  models  which  assume 
proximity  to  a  T  =  0  magnetic  critical  point  or  phase.  NMR 
and  neutron  scattering  are  not  consistent  (see  e.g.  [4]);  our 
view  is  that  there  are  spin  fluctuations  not  seen  by  neutron 
scattering,  but  the  issue  is  not  resolved. 

Three  classes  of  models  have  been  proposed:  “fermi  liq¬ 
uid”  models  with  overdamped  spin  excitations^  “z  =  1” 
models  with  undamped  or  weakly  damped  spin  waves,  and 
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Fig.  2.  Oxygen  relaxation  rates  from  Refs  [1]  (Y-Ba)  and  [4]  (La- 
Sr). 

spin  excitations.  The  spin  excitations  are  overdamped  be¬ 
cause  decay  of  a  spin  excitation  into  a  particle-hole  pair 
is  allowed.  There  are  two  sub-cases — either  the  magnetic 
wavevector  is  inside  the  particle-hole  continuum,  or  it  is 
a  “IpF^  wavevector  of  the  fermi  surface.  The  critical  phe¬ 
nomena  of  these  cases  have  been  worked  out  [5,6],  and  the 
comparison  to  data  is  not  favorable,  as  first  pointed  out  in 
Ref.  [8].  The  principle  difficulty  concerns  the  Cu  Ti  rate, 
which  is  predicted  to  vary  with  temperature  as 
if  the  ordering  wavevector  is  inside  the  continuum,  or  more 
weakly,  if  2  =  2/7^,  whereas  the  data  suggest  7^“^  oc  I/TIT 
[8,4]. 

The  z  =  1  models  take  as  their  starting  point  the  magnetic 
insulating  parent  compounds,  which  are  antiferromagnets 
with  spin  waves  of  dispersion  co  -  c[\k\~\Q\]  {Q=  (tt,  tt) 
is  the  ordering  vector  and,  in  La2Cu04,  he  ~  0.75  eV-A),  It 
is  assumed  that  the  doping  which  converts  these  materials 
to  superconductors  also  changes  the  dispersion  to  co^  = 
(^[\k\  -  Q]^  +  A^.  The  critical  properties  associated  with 
opening  the  gap  have  been  extensively  studied  [7].  For  T  > 
A  >  0,  the  copper  NMR  71  and  T2  rates  are  predicted 
to  obey  TilTxT  -  constant  ~  c  in  agreement  with  data 
[2,8].  However,  the  very  restrictive  kinematics  of  spin  waves 
implies  that  e.g.  the  oxygen  relaxation  rate  in  the  spin-wave- 
only  model  is  given  by  l/*^7i7  7^  [9].  It  is  therefore 

argued  [8]  that  the  model  must  be  supplemented  by  a  particle 
hole  continuum  of  fermions  which  couple  only  weakly  to 
the  spin  waves  but  contribute  to  the  small  q  response,  so 
that  xq(T)  =  Xfermion  +  Xspin^^ave-  Howcver,  a  quantitative 
comparison  of  the  theory  to  YBa2Cu408  [9]  found  that 
the  observed  TiHxT  ratio  implied  c  s  0.35  eVA,  implying 
^Xspinwavel^T  =  1x10”^  statcs/eV-Cu-K,  six  times  greater 
than  the  observed  dx/d7. 

A  third  alternative  is  the  “spin  liquid”  picture.  This  is 


based  on  a  gauge  theory  formalism  which  is  one  implemen¬ 
tation  of  Anderson’s  spin-change  separation  hypothesis  [10]. 
The  spin  response  is  given  by  a  particle-hole  continuum  of 
spin  1/2  charge  0  fermionic  “spinons”  which  interact  via 
a  gauge  field.  It  has  been  shown  that  that  the  gauge  field 
interaction  may  lead  to  divergences  in  the  “2/?^”  suscepti¬ 
bilities  of  the  spinons  even  if  the  interaction  is  not  tuned  to 
a  critical  value,  and  parameters  exist  for  which  the  physi¬ 
cal  consequences  are  roughly  consistent  with  available  data 
[11]. 

We  now  turn  to  point  (ii).  For  7  <  7*  200  K,  Xof?’) 

drops  below  the  Xj  =  ^  +  characterizing  the  higher 
7  behavior.  For  100  K  <  7  <  200  K,  Xo(7)  is  roughly 
linear  in  7  and  extrapolates  to  a  slightly  negative  value  at 
7  =  0.  In  other  words,  in  this  regime  one  should  think  of 
the  Xq(T)  as  being  due  to  thermal  excitations  above  aground 
state  with  a  vanishing  spin  susceptibility.  In  order  to  have 
Xo(7)  =  0  at  7  =  0  in  a  spin  rotation  invariant  system 
one  must  have  a  ground  state  which  is  a  singlet  with  a  gap 
to  spin  excitations.  We  have  already  argued  that  there  is  a 
particle-hole  continuum  of  spin  excitations  in  YBa2Cu408. 
The  only  known  method  of  opening  a  gap  in  a  particle-hole 
continuum  is  to  pair  the  fermions  into  singlets,  as  occurs  in 
a  conventional  superconductor.  Note  in  particular  that  the 
effect  of  actual  or  incipient  antiferromagnet  order  on  the 
spin  susceptibility  is  known  [6]  not  to  produce  a  gap;  instead 
it  leads  in  two  spatial  dimensions  to  Xof?")  =  Xo  +  Z)7,  with 
Xo  >  0. 

The  pairing  is  unlikely  to  be  due  to  conventional  super¬ 
conductivity  for  two  reasons:  the  scale,  7*  «  200  K,  is  much 
larger  than  the  largest  superconducting  7^,  observed  in  any 
member  of  the  Y~Ba  family,  and  the  observed  resistivity  is 
very  different  from  the  “paraconductivity”  observed  in  ma¬ 
terials  with  strong  superconducting  fluctuations.  In  partic¬ 
ular,  YBa2Cu306.7  exhibits  spin  gap  effects  very  similar  to 
those  found  in  YBa2Cu40g  but  its  resistivity  has  upward 
curvature  for  80  K  <  7  <  150  K  and  is  rather  flat  between 
100  K  and  7  =  60  K  [12].  If  strong  superconducting  fluc¬ 
tuations  were  present,  the  resistivity  would  drop  rapidly  in 
this  regime.  Thus  we  believe  that  theories  based  on  forma¬ 
tion  of  conventional  Cooper  pairs  via  an  attractive  inter¬ 
action  [13]  are  unlikely  to  be  relevant.  Rather,  the  correct 
theory  must  involve  spin-charge  separation  in  some  form. 

Next,  we  argue  that  although  anomalous  temperature 
dependences  are  present,  there  is  no  strong  evidence  for 
singlet  pairing  in  La2-jcSr;cCu04,  where  interplane  coupling 
is  believed  to  be  weak.  Spin  susceptibility  data  obtained 
as  in  [14]  but  using  more  reliable  data  of  [15]  are  shown 
in  Fig.  1;  although  there  is  a  pronounced  downturn  in  the 
susceptibility  for  x  =  0.08  and  x  =  0.14  it  is  also  clear 
that  lim7’-*oXj(7')  >  0  in  these  materials.  Similarly,  T\  T~\ 
plotted  in  Fig.  2  at  x  =  0. 14,  shows  no  sign  of  a  downturn. 
Finally,  the  Cu  relaxation  rates  l/7i7  in  La2-.vSrvCu04 
are  monotonic  in  7  [4],  in  contrast  to  the  Cu  relaxation 
rate  in  YBa2Cu408  which  exhibits  a  pronounced  downturn 
beginning  almost  a  factor  of  two  above  Tc  [2].  We  conclude 
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that  the  bilayer  structure  of  YBa2Cu408  is  important.  This 
conclusion  is  not  universally  accepted;  for  an  alternative 
point  of  view  see  [8]. 

There  is  in  fact  evidence  that  the  two  planes  in  a  bilayer 
are  magnetically  coupled.  Neutron  scattering  experiments 
have  only  detected  fluctuations  in  which  the  spins  on  one 
plane  are  perfectly  anticorrelated  with  spins  on  the  other 

[16] .  An  NMR  Ti  “cross-relaxation”  experiment  in  which 
Cu  spins  on  one  plane  are  pumped  and  spins  on  the  adjacent 
plane  are  probed  has  been  proposed  by  Monien  and  Rice 

[17]  and  performed  by  Stern  et  al  [18].  The  rate  is  found 
to  be  large  (of  the  order  of  the  in-plane  Ti)  and  rapidly 
temperature  dependent. 

Theories  of  the  spin  gap  have  been  discussed  by  many 
authors  [19-22].  Because  one  must  deal  with  “spinons”,  the 
elfects  of  gauge  interactions  must  be  included.  These  lead 
to  a  large  inelastic  lifetime  and  thus  strong  pairbreaking 
which  in  general  suppresses  [22]  the  spinon-pairing  instabil¬ 
ities  found  [19]  in  one-plane  models  (for  an  exception,  see 
[21],  where  in  one  model  a  very  weak  instability  is  found). 
However,  in  two-plane  models  the  enhanced  in-plane  ma- 
gentic  susceptibility  leads  [21,22]  to  a  large  enhancement  of 
the  between-planes  pairing  originally  proposed  in  Ref  [20]. 
In  fact,  the  pairing  kernel  has  essentially  the  same  singular¬ 
ity  as  the  theoretical  expression  for  the  “cross-relaxation” 
Ti  discussed  above,  so  the  experiment  may  be  regarded  as 
evidence  for  that  the  singular  interaction  required  by  the 
interplane  pairing  theories  exists  and  has  the  correct  order 
of  magnitude. 

To  conclude:  a  magnetic  susceptibility  which  decreases 
as  the  temperature  is  decreased  is  observed  in  underdoped 
high  temperature  superconductors  and  is  difficult  to  ex¬ 
plain  within  fermi  liquid  theory.  We  have  argued  that  one 
should  distinguish  two  regimes — ^a  Xo(T)  ^  A  +  BT  regime 
which  occurs  in  many  materials  and  must  be  understood 
in  terms  of  antiferromagnetism  and  a  particle-hole  contin¬ 
uum,  and  a  “spin-gap”  regime  in  which  x  drops  rapidly 
to  zero,  which  occurs  only  in  the  yttrium-barium  family 
and  must  be  understood  in  terms  of  pairing  of  chargeless 
fermionic  “spinons”. 
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Abstract — We  review  the  results  of  an  extensive  investigation  of  photoemission  spectral  weight  using  electronic 
models  for  the  high-Jc  superconductors.  Here  we  show  that  some  recently  reported  unusual  features  of  the 
cuprates  namely  the  presence  of  (i)  fiat  bands,  (ii)  antiferromagnetically  induced  weight,  and  (iii)  small 
quasiparticle  bandwidths  all  have  a  natural  explanation  within  the  context  of  holes  moving  in  the  presence  of 
robust  antiferromagnetic  correlations.  Introducing  interactions  among  the  hole  carriers,  a  model  is  constructed 
which  has  d^i^yi  superconductivity,  an  optimal  doping  of  ~  1 5%  (caused  by  the  presence  of  a  large  density 
of  states  at  the  top  of  the  valence  band),  and  a  critical  temperature  --  100  K. 


In  the  last  couple  of  years,  angle-resolved  photoemission 
(ARPES)  data  introduced  important  constraints  on  possi¬ 
ble  theories  of  high-T^ .  These  experiments  have  motivated 
a  considerable  body  of  work  by  the  authors  and  several 
collaborators  that  is  here  briefly  reviewed.  We  have  focused 
on  three  recent  experiments  on  the  cuprates,  discussed  else¬ 
where  in  this  volume,  that  reported  the  following  infor¬ 
mation:  (i)  hole-doped  cuprates  Bi2212,  Bi2201,  Y123  and 
Y124  near  optimal  doping  present  a  universal  flat  band 
dispersion  near  (rr,  0)  [1]  that  cannot  be  explained  using 
band  structure  calculations,  (ii)  Data  gathered  with  a  novel 
ARPES  technique  have  produced  indications  of  antiferro¬ 
magnetically  induced  photoemission  bands  in  Bi2212  [2]. 
(iii)  The  quasiparticle  bandwidth  of  several  cuprates  at  finite 
doping  [1],  as  well  as  for  the  insulator  Sr2Cu02Cl2  [3],  is  of 
order  of  the  Heisenberg  exchange  J.  Before  the  theoretical 
analysis,  let  us  remind  the  reader  that  just  a  few  years  ago 
the  early  papers  on  ARPES  applied  to  high-Tihad  the  ten¬ 
dency  to  claim  in  their  conclusions  that  a  good  agreement 
between  experiments  and  band  structure  calculations  was 
obtained.  However,  the  new  ARPES  results  show  that  such 
a  conclusion  was  premature  and  the  influence  of  strong  cor¬ 
relations  is  crucial  to  explain  the  data.  These  are  certainly 
very  exciting  times  for  “aficionados”  of  electronic  models 
for  the  cuprates! 

In  recent  months,  we  have  documented  in  the  literature 
the  results  of  an  extensive  investigation  showing  that  the 
three  experimental  features  mentioned  above  can  have  a 
natural  explanation  within  the  context  of  simple  electronic 
models  for  the  Cu02  planes,  like  the  2D  t-J  model  [4-7].  In 
addition,  we  have  shown  that  under  mild  assumptions,  even 
a  ^/-wave  superconducting  phase  with  a  critical  temperature 
of  about  100  K  at  an  optimal  doping  of  15%  can  also  be 
naturally  obtained  using  these  ideas  [8].  We  urge  the  reader 
to  consult  the  original  literature  for  details  since  in  the 
present  short  review  only  a  sketch  of  the  main  results  will 
be  presented.  Note  that  we  can  only  provide  some  of  the 


relevant  references.  The  rest  are  given  in  the  papers  quoted 
in  this  short  article. 

To  start  the  analysis,  let  us  consider  the  properties  of 
hole  carriers  in  an  antiferromagnet.  In  Fig.  1  we  show  the 
dispersion  of  a  hole  in  a  fluctuating  Neel  background  cal¬ 
culated  numerically  using  the  two  dimensional  t-J  model 
on  large  clusters  [4],  We  observed  that  the  data  can  be  fit¬ 
ted  very  well  by  a  dispersion  where  holes  effectively  move 
within  their  own  sublattice  to  minimize  disturbing  the  anti¬ 
ferromagnetic  background.  The  dispersion  has  interesting 
features:  (i)  the  bandwidth  (W)  is  small,  proportional  to 
the  exchange  /  =  0.125  eV,  a  fact  observed  since  the  early 
studies  of  strongly  coupled  electrons  using  numerical  tech¬ 
niques  [9].  A  vast  literature  supports  the  result  that  W  ^ 
2J.  Recently,  Quantum  Monte  Carlo  (QMC)  simulations 
of  the  one  band  Hubbard  model  in  strong  coupling  arrived 
to  similar  conclusions  although  their  reported  bandwidth 
scales  like  IF  ~  47  [10];  (ii)  the  region  around  (rr,  0)  is 
anomalously  flat.  (Actually,  plotting  the  quasiparticle  en¬ 
ergy  together  with  the  experimental  results  of  Ref  [1]  a  good 
experiment-theory  agreement  is  obtained  [4,1 1].)  QMC  sim¬ 
ulations  show  a  similar  result  [1 1];  (iii)  the  density  of  states 
(DOS)  has  a  large  peak  at  the  bottom  of  the  hole  band 
(top  of  the  valence  band  in  the  electron  language)  that  will 
be  used  below  to  boost  the  critical  temperature  of  a  gas  of 
quasiparticles  once  interactions  are  included. 

The  numerical  value  for  the  quasiparticle  bandwidth  of 
this  model  agrees  well  with  ARPES  results  both  for  opti- 
maly  doped  Bi2212  and  also  the  novel  insulator  compound 
Sr2Cu02Cl2.  This  provides  strong  support  to  models  of  cor¬ 
related  electrons  of  the  t-J  model  family.  Even  some  de¬ 
tails  of  the  dispersion  match  the  experiments,  as  exemplified 
by  the  line  from  (0, 0)  to  (rr,  tt).  On  the  other  hand,  the¬ 
ory  and  experiment  disagree  for  the  insulator  Sr2Cu02Cl2 
along  the  line  (tt,  0)-(0,  tt)  since  the  t-J  model  predicts  an 
anomalously  small  dispersion  in  this  particular  direction. 
However,  some  of  us  in  collaboration  with  K.  Vos  and  R. 
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Fig.  1.  (a)  Energy  of  a  hole  in  the  t-J  model,  €(k),  vs  momentum 
obtained  with  a  Monte  Carlo  method  on  a  12  x  12  lattice  and 
j ft  =  0.4  (in  units  of  t).  (b)  Density  of  states  obtained  from  our  fit 
of  the  numerical  data  Fig,  1(a)  showing  the  van  Hove  singularity 
between  M  and  X.  The  unit  of  energy  is  t  (from  Ref  4). 


Fig.  3.  Spectral  weight  A{p,(jo)  of  the  2D  Hubbard  model  at 
half-filling  obtained  with  the  QMC  method  supplemented  by 
Maximum-Entropy,  on  an  8  X  8  cluster,  U ft  =  10,  and  T  -  tl4 
(from  Ref  [6]). 


Fig.  2.  Quasiparticle  dispersion  of  the  t-t'-J  model  (Ref  [5]) 
calculated  in  the  Born  approximation  for  an  infinite  lattice  us¬ 
ing  t'  =  -0.35r  (solid  line).  Jit  =  0.3  and  J  =  0.125  eV,  com¬ 
pared  against  the  experimental  ARPES  data  (open  circles)  for 
Sr2Cu02Cl2  of  Ref  [3].  The  dashed  line  is  the  t-J  model  result 
of  Ref  [12]. 

J.  Gooding  have  shown  in  a  recent  paper  [5]  that  the  ad¬ 
dition  of  a  small  hopping  amplitude  along  the  diagonals 
of  the  plaquettes  on  the  2D  square  lattice  greatly  improves 
the  theory-experiment  agreement  for  all  momenta  includ¬ 
ing  the  (tt,  0)-(0,  tt)  line.  The  addition  of  this  new  parame¬ 
ter  in  the  Hamiltonian,  while  not  quite  satisfactory  since  its 
microscopic  origin  is  unknown,  is  not  forbidden  by  symme¬ 
try,  and  thus  there  is  no  reason  to  believe  that  it  cannot  be 
present  in  the  cuprates.  The  dispersion  is  shown  in  Fig.  2.  It 
is  also  important  to  remark  that  an  even  better  agreement 
between  theory  and  experiment  was  reported  in  Ref  [5]  once 
a  more  sophisticated  calculation  was  carried  out  using  the 
more  general  three  band  Hubbard  model.  Thus,  the  par¬ 
tial  conclusion  of  this  analysis  is  that  the  bandwidth  of  the 
quasiparticles  in  the  cuprates  is  likely  described  by  models 
of  strongly  correlated  electrons. 

It  is  interesting  to  note  that  results  similar  to  those  ob¬ 
tained  for  the  2D  t-J  model  at  half-filling  can  also  be  ob¬ 
tained  using  the  2D  one  band  Hubbard  model.  In  Fig.  3  we 
show  results  of  a  Monte  Carlo  simulation  of  this  model  on 
clusters  of  64  sites.  The  ARPES  intensity  is  obtained  with 
the  maximum  entropy  technique.  While  this  last  technique 
is  crude,  it  seems  to  provide  results  in  agreement  with  the 


more  reliable  Exact  Diagonalization  (ED)  analysis  of  the 
t-J  model.  The  Hubbard  model  results  of  Fig.  3  show  that 
working  at  large  U jt  and  concentrating  near  the  chemi¬ 
cal  potential,  a  band  disperses  with  a  bandwidth  of  order 
27,  in  excellent  agreement  with  old  predictions  for  the  t-J 
model  [9].  The  rest  of  the  weight  is  incoherent  and  appears 
at  large  energies  of  the  order  of  the  hopping  t.  We  noticed 
that  small  variations  of  the  maximum  entropy  method  may 
induce  a  mixing  of  both  bands  into  a  single  feature,  which 
produces  an  incorrect  larger  bandwidth.  Temperature  effects 
are  also  crucial  to  obtain  the  proper  results  in  these  studies. 
Thus,  we  highly  advise  caution  in  the  use  of  maximum  en¬ 
tropy  techniques  for  correlated  electrons.  To  test  their  accu¬ 
racy,  the  results  must  necessarily  be  contrasted  against  other 
techniques  that  provide  dynamical  information  for  the  t-J 
model. 

Before  discussing  the  influence  of  doping  on  our  results, 
we  want  to  remark  to  the  reader  an  interesting  prediction 
of  the  t-J  model,  namely  the  presence  of  ‘‘string  states”  in 
the  ARPES  photoemission  data.  These  states  have  the  fol¬ 
lowing  origin:  suppose  a  hole  is  injected  in  an  antiferromag- 
net,  as  it  occurs  in  the  sudden  approximation  description 
of  a  photoemission  experiment.  When  the  hole  attempts  to 
move,  which  occurs  by  moving  a  spin  from  a  nearest  neigh¬ 
bor  site  j  to  the  original  position  of  the  hole  energy  is  lost 
since  now  the  spin  at  site  i  is  aligned  ferromagnetically  with 
its  neighbors  (assuming  for  simplicity  a  perfect  Neel  back¬ 
ground).  As  the  hole  continues  its  excursion,  say  along  one 
axis,  more  and  more  spins  have  ferromagnetic  links  with 
some  of  its  neighbors.  Actually,  the  penalization  in  energy 
grows  proportional  to  the  length  of  the  path  followed  by 
the  hole.  Then,  to  a  good  approximation  holes  are  confined 
into  a  linear  potential  caused  by  the  spin  background.  The 
solution  of  the  Schrodinger  equation  for  a  hole  in  an  ef¬ 
fective  linear  potential  has  several  bound  states  [13].  The 
lowest  energy  state  corresponds  to  the  dominant  peak  in 
the  dispersion  (that  acquires  mobility  thanks  to  the  anti¬ 
ferromagnetic  fluctuations  that  sometimes  break  the  linear 
“string”  caused  by  the  hole  in  its  movement),  while  the  ex¬ 
cited  states  are  precisely  the  so-called  “string  states”.  These 
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Fig.  4.  Spectral  weight  ^(p,  co)  for  one  hole  in  an  antiferromagnet 
calculated  using  the  rainbow  approximation.  The  parameters  are 
shown  in  the  figure.  The  first  excited  state  in  the  “string  picture” 
is  located  at  cu - 0.6  eV. 


ideas  have  been  discussed  since  the  early  studies  for  corre¬ 
lated  electrons  using  the  t-J  model  and  developed  by  sev¬ 
eral  groups.  For  details  and  references  see  Ref  [9].  Numeri¬ 
cal  results  already  in  1990  clearly  showed  their  existence  in 
spite  of  the  strong  quantum  fluctuations  in  the  ground  state 
[14].  In  Fig.  4  we  show  the  main  quasiparticle  peak,  as  well 
asone  excited  state,  for  the  case  of  the  t-t'-J  model  in  two 
dimensions  using  the  rainbow  approximation  [15]  (results 
for  the  t-J  model  are  very  similar).  The  first  string  state  be¬ 
yond  the  quasiparticle  peak  is  clearly  observed  at  a  binding 
energy  of  0.6  eV.  However,  the  reader  should  notice  that  the 
calculation  of  excited  states  is  somewhat  less  accurate  than 
the  evaluation  of  the  properties  of  the  dominant  quasipar¬ 
ticle  peak,  and  thus,  the  0.6  eY  prediction  may  have  large 
error  bars.  The  expected  intensity  is  of  about  20%  of  the 
main  peak.  These  states  should  be  present  in  Sr2Cu02Cl2 
if  our  analysis  based  on  the  t-J  and  t-d-J  models  is  cor¬ 
rect.  This  is  a  clear  prediction  of  these  models.  We  also 
expect  that  the  main  candidate  momentum  for  such  an  in¬ 
vestigation  should  be  (Tr/2,  Tr/2),  i.e.  at  the  top  of  the  va¬ 
lence  band.  The  only  problem  for  the  observation  of  the 
string  states  are  effects  not  taken  into  account  in  the  theo¬ 
retical  analysis,  specially  the  existence  of  a  robust  spurious 
background  in  photoemission  experiments.  We  nevertheless 
encourage  our  experimental  colleagues  to  search  for  string 
states  in  ARPES  data. 

The  results  summarized  before  have  shown  that  simple 
electronic  models  for  the  cuprates  may  properly  explain 
several  features  of  the  real  cuprate  materials  observed  in 
ARPES  data.  The  theoretical  results  reported  above  have 
been  carried  out  at  half-filling,  i.e.  in  the  proper  density 
regime  for  Sr2Cu02Cl2.  However,  the  comparison  between 
theoretical  predictions  and  data  for  hole-doped  compounds 
at  optimal  doping  successfully  carried  out  in  Ref  [4]  re¬ 
quired  the  additional  assumption  that  the  dispersion  does 
not  change  drastically  with  doping  between  half-filling  and 
the  optimal  concentration  of  about  {-<  15%)  [16].  Such  an 
assumption  is  reasonable  since  results  for  both  Bi2212  and 
Sr2Cu02Cl2  have  similar  small  bandwidths  of  the  order  of 
7.  On  the  other  hand,  they  differ  in  some  of  their  fine  de- 
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Fig.  5.  A{p,(x})  for  density  («>  «  0.88  (i.e.  two  holes  on  the  16 
and  18  sites  clusters)  using  the  t-J  model.  In  (a)  the  PES  intensity 
(co  <  0)  is  shown  with  a  solid  line,  while  the  IPES  intensity  (co  > 
0)  is  given  by  a  dotted  line.  The  chemical  potential  is  located  at 
o)  =  0.  In  (b)  the  full  and  open  circles  represent  the  PES  and 
IPES  intensities,  respectively,  of  the  peaks  the  closest  to  the  Fermi 
energy.  Their  area  is  proportional  to  the  intensity.  The  error  bars 
denote  the  width  of  the  peak  as  observed  in  Fig.  5(a)  (sometimes 
to  a  given  broad  peak  several  poles  contribute  appreciably).  The 

full  squares  at  co - 4/  represent  the  center  of  the  broad  valence 

band  weight,  and  the  area  of  the  squares  is  not  proportional  to 
their  intensity. 


tails  specifically  about  momentum  (tt,  0),  and  thus  a  strict 
rigid  band  approximation  is  likely  to  be  non  valid.  Thus, 
the  main  issue  is  to  what  extent  the  assumption  of  rigid 
band  behavior  is  a  good  approximation  to  describe  the  low 
hole  density  region  of  the  cuprates.  A  more  accurate  first- 
principles  calculation  is  required  to  check  the  quality  of 
this  approximation.  This  issue  has  been  recently  addressed 
using  numerical  techniques,  mainly  of  the  ED  family  since 
temperature  and  sign  effects  in  Monte  Carlo  determinantal 
methods  prevent  us  from  analyzing  the  low  temperature  be¬ 
havior  of  the  Hubbard  model  away  from  half-filling.  In  Fig. 
5,  results  of  an  ED  analysis  using  clusters  of  16  and  18  sites 
at  a  density  of  («>  =  0.88  using  the  t-J  model  are  repro¬ 
duced  from  Ref  [6].  It  is  clear  that  the  two-features  struc¬ 
ture  observed  in  Fig.  3  is  still  present.  The  bandwidth  and 
shape  of  the  quasiparticle  feature  at  energies  smaller  than 
the  chemical  potential  remain  similar  to  those  observed  be¬ 
fore  at  half-filling.  Of  course,  and  as  we  reported  in  Ref 
[6],  as  the  hole  density  increases,  eventually  the  quasipar¬ 
ticle  structure  with  bandwidth  of  order  J  disappears.  Its 
existence  seems  correlated  with  the  presence  of  robust  anti¬ 
ferromagnetic  correlations  in  the  ground  state. 

This  is  a  good  place  to  address  another  consequence  of 
antiferromagnetic  correlations  in  the  ground  state  of  mod¬ 
els  of  correlated  electrons,  namely  the  creation  of  a  new 
structure  in  the  ARPES  signal.  We  have  already  seen  that 
it  produces  a  small  bandwidth  of  order  J  and  flat  regions 
near  (tt,  0).  However,  in  the  introduction  we  mentioned  a 
third  very  interesting  recent  experiment  that  reported  the 
presence  of  antiferromagnetically  induced  bands  in  Bi2212 
[2].  The  physics  of  this  effect  is  as  follows.  First,  consider 
the  half-filled  case  where  the  antiferromagnetic  long-range 
order  effectively  doubles  the  size  of  the  unit  cell,  thus  re¬ 
ducing  the  Brillouin  zone  by  half  This  dynamically  gener¬ 
ated  reduction  causes  the  appearance  of  an  extra  symme- 
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Fig.  6.  PES  y4(p,  60)  (here  denoted  as  60))for  the  t-J  model 
at  {«)  0.88,  Jjt  -  0.4,  and  clusters  of  16  and  18  sites.  We  use 

5  =  0.25/  and  t  =  0.4eK.  I  is  the  quasiparticle-like  part  and  II  is 
the  incoherent  background. 


try  in  the  ARPES  results.  For  example,  and  as  shown  in 
Fig.  1,  the  dispersion  along  the  line  from  (0,0)  to  (rr,  tt) 
is  symmetric  with  respect  to  the  (Tr/2,  tt/2)  point.  This 
means  that  in  the  presence  of  Neel  order  momenta  above 
the  Fermi  momentum  pp,  corresponding  to  non-interacting 
electrons  for  the  same  density,  will  show  a  nonzero  signal 
in  an  ARPES  experiment.  The  existence  of  this  weight  is 
a  direct  consequence  of  strong  correlations,  and  it  was  dis¬ 
cussed  some  time  ago  by  Kampf  and  Schrieffer  [17]  using 
weak  coupling  diagrammatic  techniques.  Motivated  by  the 
novel  experiments  by  Aebi  et  al.  [2],  we  decided  to  carry 
out  a  numerical  study  of  the  strength  of  these  bands  vs  the 
antiferromagnetic  correlation  length  5af  in  the  strong  cou¬ 
pling  regime.  One  of  our  results  in  shown  in  Fig.  6.  We  show 
there  the  spectral  function  studied  on  small  clusters  away 
from  half-filling.  It  is  clearly  observed  that  there  is  a  large 
peak  near  the  chemical  potential  even  for  momenta  above 
(Tr/2,  Tr/2)  where  the  Fermi  surface  for  a  weakly  interact¬ 
ing  gas  of  fermions  is.  This  is  the  effect  predicted  by  Kampf 
and  Schrieffer,  i.e.  the  presence  of  an  antiferromagnetically 
induced  quasiparticle  band  in  models  for  the  cuprates.  Note 
that  the  momentum  dependence  of  the  results  is  crucial  to 
distinguish  this  effect  from  a  simple  “lower  Hubbard  band” 
formation  which  would  occur  even  in  the  atomic  limit.  For 
details  see  Ref  [7]. 

We  have  observed  that  the  strength  of  this  effect  rapidly 
dies  out  away  from  half-filling,  but  it  can  still  be  “observed” 


at  15%  doping  where  §af  is  about  a  couple  of  lattice  spac- 
ings  (for  the  definition  of  what  we  label  as  observable  in 
this  context,  see  Ref  [7]).  Then,  although  we  cannot  prove 
that  indeed  Aebi  et  al.  ’s  results  are  evidence  of  the  bands 
caused  by  antiferromagnetic  correlations,  at  least  our  theo¬ 
retical  results  and  their  data  are  compatible.,  namely  of  the 
same  order  of  magnitude. 

After  this  rapid  description  of  our  main  results  for  the 
normal  state  ARPES  signal,  we  should  address  the  su¬ 
perconducting  state.  Interesting  progress  has  been  recently 
made  in  this  context  [8].  Let  us  first  assume  that  the  nor¬ 
mal  state  of  the  cuprates  can  be  roughly  approximated  by 
a  gas  of  weakly  interacting  quasiparticles  with  the  disper¬ 
sion  calculated,  for  example,  in  Fig.  1.  This  approximation 
is  correct  even  if  there  is  no  long  range  order,  as  long  as 
^Af  is  robust  enough  (i.e.  such  that  a  hole  feels  that  it  is 
immersed  in  a  local  Neel  environment).  The  interaction  be¬ 
tween  holes  can  also  be  deduced  from  the  behavior  of  two 
holes  in  an  antiferromagnet  which  has  been  studied  using 
numerical  techniques  [9].  The  effective  interaction  amounts 
to  an  attraction  of  strength  J  which  is  basically  operative 
over  a  short  distance  of  roughly  one  lattice  spacing.  The 
study  of  this  model  is  described  elsewhere  in  this  volume 
by  Elbio  Dagotto  et  al.  and  will  not  be  repeated  here.  Let 
us  just  say  that  when  the  chemical  potential  reaches  the 
large  peak  in  the  DOS  of  Fig.  1  at  the  bottom  of  the  hole 
band,  the  critical  temperature  of  the  effective  model  reaches 
its  maximum  value.  The  symmetry  of  the  superconducting 
order  parameter  is  and  the  T^is  about  100  K  at  a 

hole  doping  of  15%  [18].  This  model,  called  the  “Antifer¬ 
romagnetic  van  Hove”  (AFVH)  model  due  to  its  features 
combining  pairing  through  a  magnetic  mechanism  with  the 
presence  of  a  large  DOS  causing  a  large  Ti ,  is  very  promis¬ 
ing,  and  currently  we  are  actively  investigating  its  properties. 
It  has  already  been  shown  that  the  Hall  coefficient  [4]  and 
2/^lkTc  ~  5  [8]  are  in  good  agreement  with  experiments. 

Finally,  note  that  our  results  are  based  on  the  assump¬ 
tion  that  the  quasiparticle  dispersion  does  not  change  much 
with  doping  near  half-filling.  Figure  5  provides  some  evi¬ 
dence  supporting  it.  The  key  point  we  need  for  the  AFVH 
scenario  is  that  the  large  peak  in  the  DOS  observed  at  half¬ 
filling  survives  as  carriers  are  introduced.  In  Fig.  7  we  show 
the  density  of  states,  N{id),  ws  co  -  p  using  exact  diagonal- 
ization  techniques  on  clusters  of  16  and  18  sites  and  two 
and  four  holes.  These  results  show  that  a  large  peak  is  still 
present  in  the  DOS,  and  this  peak  moves  across  the  chem¬ 
ical  potential  as  the  electronic  density  is  changed,  giving 
more  support  to  the  AFVH  ideas. 

Summarizing,  recently  considerable  progress  has  been 
made  in  the  understanding  of  ARPES  experimental  data 
using  models  of  correlated  electrons.  Several  unusual  fea¬ 
tures  have  a  natural  explanation  once  strong  correlations  are 
properly  included  in  the  calculations.  Flat  bands,  antiferro¬ 
magnetically  induced  bands,  and  small  bandwidths  can  be 
accounted  for  in  this  way.  These  results  are  difficult  to  ex¬ 
plain  with  band  structure  calculations.  Even  superconduc- 
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Fig.  7.  Density  of  states  of  the  t-J  model  obtained  with  clusters  of 
16  and  18  sites,  at  J/t  =  0.4,  and  at  the  electronic  densities  shown. 


tivity  in  the  cf-channel  is  obtained  with  a  of  about  100  K. 
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Abstract — ^We  present  a  simple  model  calculation  of  the  superconducting  pairing  potential  Avhich  makes 
evident  the  causal  relationship  between  an  effective  magnetic  interaction  between  planar  quasiparticles  which 
is  peaked  in  momentum  space  at  g  =  tt/a,  tt/o,  and  their  transition  to  a  superconducting  state  with 
pairing.  We  review  recent  experimental  and  theoretical  developments  which  establish  the  common  physical 
origin  of  scaling  behavior  and  the  spin  pseudogap  in  underdoped  systems  and  consider  non-linear  feedback 
effects  which  could  give  rise  to  this  behavior  in  a  nearly  antiferromagnetic  Fermi  liquid.  We  discuss  the 
shortcomings  of  the  present  generation  of  Hubbard  model  calculations  in  providing  a  quantitative  account 
of  the  normal  state  magnetic  and  transport  properties,  as  well  as  of  Tc,  and  suggest  that  apart  from  the 
SQUID  experiments  which  probe  directly  the  symmetry  of  the  pairing  state,  measurements  of  the  spin-lattice 
relaxation  times,  and  ^‘T\  and  the  spin-echo  decay  time,  provide  the  strongest  constraints  to  date 

on  candidate  pairing  states.  We  conclude  with  a  qualitative  discussion  of  the  predictions  of  the  magnetic 
mechanism  for  the  doping  dependence  of  Tc. 


1.  INTRODUCTION 

Some  three  years  ago,  in  a  paper  written  with  Alexander  Bal- 
atsky,  we  reported  on  detailed  calculations  which  supported 
the  proposal  that  in  the  cuprate  superconductors  it  is  the 
magnetic  interaction  between  planar  quasiparticles  which  is 
responsible  for  their  anomalous  normal  state  behavior  and 
high  superconducting  transition  temperature  [1].  Our  ap¬ 
proach  differed  from  the  Hubbard  Hamiltonian  approaches 
which  had  been  developed  earlier  [2],  and  from  a  contempo¬ 
raneous  approach  based  on  Moriya’s  self-consistent  renor¬ 
malization  theory  [3],  in  that  we  did  not  attempt  to  derive 
the  magnetic  quasiparticle  interaction  and  pairing  potential 
from  a  particular  model  (a  daunting  task,  both  then  and 
now),  but  chose  instead  to  go  directly  to  what  we  felt  was 
the  heart  of  the  matter:  could  a  spin-fluctuation-induced  in¬ 
teraction  whose  wave  vector  and  frequency  dependence  was 
determined  by  fits  to  NMR  experiments,  acting  between 
quasiparticles  whose  spectrum  was  determined  by  fits  to 
ARPES  experiments,  give  rise  to  the  measured  normal  state 
resistivity  and  a  high  7^?  We  found,  in  a  weak  coupling  cal¬ 
culation,  that  it  could,  and  that  the  resulting  pairing  state 
had  to  possess  symmetry. 

However,  both  this  work,  and  that  of  Moriya  et  al  [3], 
left  open  the  question  of  whether  the  spin  fluctuation  mech¬ 
anism  was  really  viable  for  high  temperature  superconduc¬ 
tors,  since  the  measured  quasiparticle  lifetime  is  quite  short 
(ft/T  ~  kT\  and  the  lifetime  effects  neglected  in  a  weak 
coupling  calculation  were  expected  to  reduce  Tc  dramati¬ 
cally.  Indeed,  while  earlier  conserving  strong  coupling  cal¬ 
culations  based  on  the  Hubbard  model  [4]  had  led  to  a 


maximum  T  of  order  60  K,  such  a  high  Tc  was  found  only 
for  a  physically  unrealistic  hole  doping  level  quite  close  to 
half-filling;  markedly  lower  transition  temperatures  occur  if 
the  hole  doping  is  increased,  a  trend  opposite  to  that  found 
experimentally.  The  Hubbard-based  approach  thus  seemed 
capable,  at  best,  of  explaining  superconductivity  in  the  2-1-4 
system,  and  could  not  be  expected  to  provide  a  quantitative 
account  of  the  1-2-3  system,  or  the  Bi  and  T1  based  cuprate 
superconductors. 

We  therefore  took  the  necessary  next  step,  carrying  out 
a  strong  coupling  (Eliashberg)  calculation  of  the  normal 
state  properties  and  Tc  for  YBa2Cu307  using  the  model 
experiment-based  planar  quasiparticle  interaction 

C«)(ri  •  0-2.  (1) 

where  takes  the  form,  first  proposed  by  Millis, 

Monien  and  Pines  [5]  (hereafter  MMP) 

Xmmp(^,  to)  =  •  - ^ ,  (2) 

which  provides  a  quantitative  fit  to  the  existing  NMR  data. 

NMR  experiments  require  that  xiq>  be  peaked  at  the 
commensurate  AF  ordering  wave  vector,  {Q  =  TTla,nla) 
and  that  its  behavior  be  dominated  by  wave  vectors  in  the 
vicinity  of  Q.  Indeed,  for  systems  for  which  measurements 
have  been  made  of  the  anisotropic  spin-lattice  relaxation 
time,  ^^T\,  and  the  spin-echo  decay  time,  ^^T2g,  the  three 
parameters  which  characterize  Xmmp(^,  oo)  can  all  be  deter¬ 
mined  from  experiment  \xq,  the  static  staggered  magnetic 
susceptibility,  5,  the  antiferromagnetic  correlation  length 
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(assumed  the  lattice  spacing,  a),  which  measures  the  fall- 
off  of  the  static  susceptibility  as  one  moves  away  from  Q, 
and  cosF,  the  frequency  of  the  relaxational  mode  at  or  near 
Q,  which  is  quite  generally  very  small  compared  to  the 
quasiparticle  Fermi  energy  or  bandwidth  eV)]. 

We  found  that  when  the  full  structure  of  the  quasipar¬ 
ticle  interaction  specified  by  eqns  (1)  and  (2)  is  taken  into 
account,  although  lifetime  effects  do  lead  to  a  dramatic  re¬ 
duction  in  Tc,  for  parameters  appropriate  to  YBa2Cu307 
a  superconducting  transition  into  a  dx2^y2  pairing  state  oc¬ 
curs  at  Tc  ^  90  K  for  comparatively  modest  values  of  the 
coupling  constant  g  [6].  For  this  same  range  of  coupling 
constants  our  calculated  resistivity  and  optical  properties 
were  in  quantitative  agreement  with  experiment,  so  that  a 
bridge  was  built  between  the  measured  anomalous  normal 
state  charge  response,  the  anomalous  normal  state  spin  re¬ 
sponse,  and  dx2-y2  superconductivity  at  high  temperatures 
[7].  Our  calculations  thus  provided,  for  fully  doped  systems 
such  as  YBa2Cu307,  a  proof  of  concept  of  the  proposal  [8] 
that  the  measured  anomalous  spin  and  charge  properties  of 
the  normal  state  are  those  of  nearly  antiferromagnetic  Fermi 
liquids,  which  find  their  physical  origin  in  the  novel  mag¬ 
netic  low  energy  scale,  brought  about  by  the  strong 
commensurate  antiferromagnetic  correlations  between  the 
quasiparticles. 

As  we  have  frequently  emphasized,  despite  this  theoret¬ 
ical  support  for  the  magnetic  mechanism,  since  our  nearly 
antiferromagnetic  Fermi  liquid  approach  predicts  unam¬ 
biguously  that  the  superconducting  state  of  YBa2Cu307 
must  possess  dxi-y;2  symmetry,  experimental  detection  of 
that  pairing  state  is  a  necessary  condition  for  the  magnetic 
mechanism  to  explain  high  Tc.  Following  a  discussion  of 
some  relevant  recent  theoretical  and  experimental  develop¬ 
ments  concerning  the  normal  state,  we  discuss  the  current 
experimental  evidence  for  d^i.yi  pairing  and  conclude  with 
a  qualitative  explanation  of  the  doping  dependence  of  Tc. 


2.  THE  EFFECTIVE  PAIRING  POTENTIAL 

We  consider  the  effective  pairing  potential,  eqn  (1),  and 
focus  on  Fefr(^,  0),  since  it  determines  the  dimensionless 
coupling  constant,  A,  in  the  Eliashberg  approximation.  We 
further  assume  a  simple  model  for  0),  in  which  it  pos¬ 
sesses  either  four  sharp  incommensurate  peaks, 

(3) 

(=1  ^ 

where 

=Tr(l  -5,1); 

^2  =  Tr(l  +  5, 1): 
q,  =Tr(l,  1  -5); 

^4  =  77(1,1  +  5)  (4) 


or,  when  5  =  0,  one  sharp  commensurate  peak.  An  expres¬ 
sion  of  the  form,  eqn  (3),  with  four  incommensurate  peaks 
at  Xq^  =  X,2  =  X?3  =  X?4  =  Xw  what  one  obtains  with 
the  Hubbard  model,  in  the  limit  of  strong  AF  correlations. 
For  eqn  (3),  it  is  trivial  to  calculate  the  pairing  potential  in 
configuration  space,  Ke//(jc,  0).  If  jc  =  {nx,ny)  describes  a 
point  on  the  lattice,  where  and  Hy  are  integers,  then, 

Keff(;e,0)  =  +  cosinSriy)]  (5) 

The  interaction  is  thus  maximum  and  repulsive  at  the  origin, 
while  at  the  nearest-neighbor  sites  (±1, 0)  and  (0,  ±1) 

Keir  =  -  [  1  +  COi(TT5)  ].  (6) 

Evidently,  the  interaction  is  most  attractive  when  cos{tt5)  == 
1,  i.e.  when  5  =  0  and  one  has  a  commensurate  spin- 
fluctuation  spectrum.  At  longer  distances,  Veff  is  cut  off  by 
the  finite  correlation  length  that  this  simple  model  ignores, 
so  the  main  contribution  to  A  really  comes  from  the  nearest- 
neighbor  term  (especially  for  YBCO7  with  §  ^  2). 

It  is  this  on-site  repulsion,  plus  the  effective  attraction 
between  the  nearest  neighbors,  which  is  responsible  for  d- 
wave  pairing;  in  this  pairing  state  quasiparticles,  by  virtue 
of  their  /  =  2  relative  angular  momentum,  avoid  sampling 
the  on-site  repulsion  while  taking  advantage  of  the  attrac¬ 
tion  between  nearest  neighbors  to  achieve  superconductiv¬ 
ity.  That  the  pairing  state  must  be  dx2-y2  follows  from  the 
fact  that  along  the  diagonals  in  configuration  space  (where 
nx  =  ±ny),  the  effective  pairing  potential,  eqn  (5),  is  always 
repulsive  for  nx  ^  large  a  discommensura- 

tion,  5;  hence  it  is  energetically  favorable  to  place  the  nodes 
of  the  gap  parameter, 

A  =  Aoicoskxa  -  cos kyo)  (7) 


along  these  same  diagonals,  since  for  that  pairing  state  the 
effective  repulsion,  which  would  otherwise  be  deleterious  for 
superconductivity,  is  rendered  harmless.  The  same  argument 
shows  that  if  5  ~  rr,  it  is  the  pairing  potential  along  the 
(1,0)  and  (0,1)  directions  that  is  always  repulsive;  the  pairing 
state  is  then  dxy,  the  peaks  in  Xq  being  rotated  by  90''. 

The  above  simple  model  calculation  explains  why  as  long 
as  the  ^/s  in  eqns  (3)  and  (4)  span  the  Fermi  surface,  which 
appears  to  be  the  case  for  all  cuprate  superconductors,  an 
effective  magnetic  interaction  which  possesses  incommensu¬ 
rate  peaks  will  be  less  effective  than  one  which  is  peaked  at 
Q  in  bringing  about  superconductivity.  It  also  explains  why 
Hubbard  calculations  of  Tc  show  a  Tc  which  is  maximum 
near  half-filling,  falling  off  as  the  doping  increases,  since  an 
elementary  calculation  for  the  Hubbard  model  shows  that 
5  =  0  at  half-filling,  and  increases  with  increased  doping. 

To  see  this  in  more  detail,  note  that  in  Hubbard  calcu¬ 
lations  [9]  the  effective  magnetic  interaction  between  quasi¬ 
particles  can  be  written  as  OIDU'^Xniq,  to),  with 


XHiq,  CO)  = 


Xo(g>  CO) 

1  “  UMq.  CO) 


(8) 
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where  Xo(^.  to)  is  the  non-interacting  spin-spin  correla¬ 
tion  function  specified  by  £p  =  -2t[cospx  +  cos/?^]  - 
4f'  cos  px  cos  py  and  U  is  the  screened  Hubbard  repulsive 
on-site  potential.  Since  U  has  no  structure,  the  peaks  of 
Xh  are  simply  those  of  Xo(<?,  co).  Consider  then  the  low 
frequency  behavior  of  Xh-  At  half-filling  x(9>  0)  is  peaked 
at  as  one  moves  away  from  half-filling,  the  peaks  of 
Xo(^>0)  become  increasingly  discommensurate,  so  that 
Xo(ftO)  becomes  a  local  mimimum.  Indeed,  with  t'  -  0 
(an  assumption  often  made  for  simplicity  in  early  Hubbard 
calculations),  at  realistic  hole  concentrations  Xo  (ft  to)  =0, 
for  CO  <  2/J,  since  Q  cannot  span  the  Fermi  surface.  This 
has  strong  consequences  for  attempts  to  use  over  simplified 
Hubbard  models  to  fit  NMR  experiments. 

Until  recently  it  was  generally  believed,  on  the  basis  of 
neutron  scattering  experiments  [10],  that  while  x''  iq,  (Jo)  was 
peaked  at  Q  for  the  1-2-3  system,  for  the  2-1-4  system  the 
peaks  were  incommensurate,  being  specified  by  eqn  (4), with 
6  =  0.56x,  an  effect  which  was  attributed  in  Hubbard  cal¬ 
culations  to  the  somewhat  different  band  structure  of  this 
system  (c'  =  15t  rather  than  t'  =  -.45t).  However,  as 

discussed  by  Barzykin  et  al  [11],  the  recent  NMR  experi¬ 
ments  of  Walstedt  et  al  [12]  on  the  spin-lattice  relax¬ 
ation  rate  in  Lai.g5Sro.i5Cu04  [which  confirmed  the  earlier 
measurements  of  Reven  et  al  [13],  show  that  the  peaks 
for  this  system  must  also  be  commensurate,  in  which  case 
the  incommensuration  picked  up  in  neutron  scattering,  a 
global  probe,  represents  domain  superstmcture  rather  than 
an  intrinsic  incommensuration.  Further  indications  of  the 
underlying  similarities  between  the  1-2-3  and  2-1-4  systems 
come  from  the  NMR  and  transport  experiments  we  now 
consider. 


3.  SPIN  AND  CHARGE  RESPONSE:  SOME  RECENT 
DEVELOPMENTS 

Experiment  now  demonstrates  that,  contrary  to  the  early 
belief  by  many  theorists  that  charge  and  spin  are  separated 
in  the  Cu~0  planes,  there  is  an  intimate  relationship  between 
the  anomalous  transport  properties  and  the  anomalous  low 
frequency  magnetic  properties  of  the  underdoped  cuprate 
superconductors.  Transport  experiments  on  untwinned  crys¬ 
tals  of  YBa2Cu306.6  [14]  and  single  crystals  of  YBa2Cu408 
[1 5]  show  that  within  experimental  uncertainties  the  planar 
resistivity  in  the  a  crystallographic  direction  (which  has  no 
“chain”  contribution)  changes  its  character  at  the  same  tem¬ 
perature,  r*,  as  the  spin-lattice  relaxation  rate,  changes 
its  character.  These  results  which,  as  discussed  below,  have 
been  extended  to  the  2-1-4  system  [16][17],  establish  the  in¬ 
separability  of  the  spin  and  charge  behavior  of  the  planar 
excitations  and  provide  direct  experimental  confirmation  of 
the  thesis  that  the  anomalous  charge  behavior  in  the  under¬ 
doped  system  arises  from  the  magnetic  interaction  between 
the  quasiparticles. 

Much  has  also  been  learned  recently  about  the  spin 


pseudo-gap  and  the  low  frequency  magnetic  behavior  of 
the  superconducting  cuprates.  The  present  generation  of 
NMR  experiments  includes  measurements  of  the  spin-echo 
decay  time.  Tig,  at  three  doping  levels;  YBa2Cu307  [18], 
YBa2Cu306.63  [19],  and  YBa2Cu408  [20]  in  the  1-2-3  sys¬ 
tem  as  well  as  for  the  insulator,  La2Cu04  [21].  These  results 
have  been  used  to  demonstrate  that  quantum  critical  z  =  1 
scaling  behavior,  in  which  Wsf  =  (c/5)»  is  found  above  a 
characteristic  temperature  T*,  in  the  underdoped  cuprates 
[22],  while  Barzykin  and  Pines  [23]  have  established  that  the 
maximum  in  the  uniform  susceptibility  is  found  at  a  tem¬ 
perature  close  to  the  upper  limit.  Ter,  of  scaling  behavior, 
and  discussed  the  link  between  scaling  and  spin  pseudo-gap 
behavior.  The  magnetic  phase  diagrams  which  they  obtain 
for  the  1-2-3  and  2-1-4  systems  make  it  evident  that  the  spin 
pseudo-gap  and  magnetic  scaling  are  not  brought  about  by 
interplanar  coupling,  while  the  recent  analysis  of  resistivity 
and  Hall  effect  experiments  on  the  2-1-4  system  by  Hwang 
et  al  [16]  and  Nakano  et  al  [17]  show  that  for  the  2-1-4 
system  changes  in  spin  behavior  are  likewise  accompanied 
by  changes  in  charge  behavior.  A  further  indication  that  the 
anomalous  spin  and  charge  behavior  are  linked  and  that 
both  originate  in  quasiparticle  behavior  comes  from  the 
work  of  Zha  et  al  [24]  who  show  that  by  using  a  temper¬ 
ature  dependent  quasiparticle  density  of  states  taken  from 
Knight  shift  measurements,  one  can  arrive  at  a  quantita¬ 
tive  understanding  of  the  way  in  which  c-axis  resistivity  and 
optical  measurements  on  both  the  2-1-4  and  1-2-3  systems 
reflect  the  behavior  of  planar  quasiparticles. 


4.  NON-LINEAR  FEEDBACK  EFFECTS 

From  a  Fermi  liquid  perspective,  the  only  way  magnetic 
scaling  and  spin  pseudo-gap  behavior  can  come  about  is 
through  a  non-linear  feedback  of  the  magnetic  interaction 
on  the  quasiparticles  which  are  in  turn  the  source  of  that 
interaction.  We  first  review  the  non-linear  feedback  effects  at 
work  above  Ter  and  when  the  system  goes  superconducting 
[25],  and  then  consider  how  similar  effects  in  the  normal 
state  could  lead  to  magnetic  scaling  and  spin-pseudo  gap 
behavior  below  , 

As  one  begins  to  approach  the  antiferromagnetic  insta¬ 
bility,  strong  coupling  effects  play  a  crucial  role  in  stabi¬ 
lizing  the  normal,  nearly  antiferromagnetic  Fermi  liquid 
state.  For  instance,  in  the  context  of  the  fluctuation  ex¬ 
change  approximation  to  the  2D  Hubbard  model  [25],  if 
the  particle-hole  “bubble”  xo  were  calculated  using  free 
particle  propagators,  the  expression  1  -  Uxo(q,  0)  in  the 
denominator  of  the  spin-fluctuation  mediated  interaction 
would  vanish  at  a  rather  high  temperature  for  a  wave  vector 
near  (rr,  tt).  However,  when  this  quantity  is  evaluated  us¬ 
ing  self-consistently  dressed  Green’s  functions  it  is  reduced; 
the  Eliashberg  renormalization  factor  Z  is  >  1 ,  and  the  re¬ 
sulting  negative  feedback  stabilizes  the  interaction  in  the 
normal  state  very  close  to  the  antiferromagnetic  instability. 
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For  instance,  assume  one  were  to  reduce  Z  slightly  below 
its  self-consistent  value.  Xo  would  then  increase,  resulting 
in  a  denominator  1  -  UxQiqmax*  0)  closer  to  zero  and  thus 
an  enhanced  spin-fluctuation  mediated  interaction,  which 
would  in  turn  lead  to  an  increase  in  the  strong  coupling 
renormalization  factor  Z,  restoring  it  to  its  self-consistent 
value.  If  one  the  other  hand,  one  were  to  increase  Z  slightly 
above  its  self-consistent  value,  xo  would  be  reduced,  lead¬ 
ing  to  a  decrease  of  the  spin-fluctuation  mediated  interac¬ 
tion.  This  decrease  would  in  turn  cause  a  reduction  of  the 
renormalization  factor  Z  back  to  its  self-consistent  value. 
Since  a  comparatively  small  change  in  Xo(q»0)  leads  to  a 
large  enhancement  or  reduction  of  the  spin-fluctuation  me¬ 
diated  interaction  through  the  denominator  1  -  I7xo(q»  0) 
when  one  is  close  to  the  antiferromagnetic  instability,  this 
negative  feedback  effect  is  very  strong. 

As  the  system  becomes  superconducting,  since  the  pairing 
interaction  is  mediated  by  the  same  electrons  which  are 
pairing,  there  is  another  feedback  effect  due  to  the  interplay 
between  the  pairing  interaction  and  the  formation  of  a  gap 
in  the  quasiparticle  spectrum.  As  the  gap  opens,  there  is 
a  shift  in  the  spin-fluctuation  spectral  weight,  and  thus  a 
suppression  of  the  low  frequency  spin-fluctuations  which, 
in  the  normal  state  give  rise  to  the  comparatively  short 
quasiparticle  lifetime  and  make  a  significant  contribution  to 
the  Eliashberg  renormalization  factor  Z.  However,  because 
one  is  close  to  the  antiferromagnetic  instability,  the  negative 
feedback  effects  present  in  the  normal  state  now  insure  that 
the  strength  of  the  pairing  interaction  remains  essentially 
constant. 

A  second  feedback  effect  is  related  to  the  influence  of  the 
low  frequency  spin-fluctuation  excitations  on  the  energy  gap. 
At  Tc,  these  low  lying  spin-fluctuations  also  suppress  the 
gap  via  inelastic  scattering.  As  the  gap  opens  and  the  low- 
frequency  spin  fluctuation  spectral  weight  is  reduced,  the 
inelastic  scattering  processes  are  suppressed,  resulting  in  an 
increase  in  the  gap  parameter.  The  increase  in  the  gap  in  turn 
leads  to  a  further  suppression  of  the  low  frequency  spin- 
fluctuation  spectral  weight.  This  positive  feedback,  along 
with  the  fact  that  the  strength  of  the  pairing  interaction 
remains  constant,  is  responsible  for  the  rapid  increase  of  the 
gap  just  below  Tc  and  the  large  gap  ratio  2A/rc.  Moreover, 
since  the  contribution  of  small  momentum  transfers  to  the 
quasiparticle  self-energy  is  negligible,  the  negative  feedback 
effects  which  operate  near  (rr,  tt)  are  not  operative  at  long 
wavelengths.  Hence,  at  ^  =  0,  there  is  nothing  to  oppose  a 
rapid  opening  up  of  the  superconducting  gap  and  the  long 
wavelength,  static  susceptibility  is  strongly  suppressed. 

The  above  considerations  suggest  the  following  scenario 
for  feedback  effects  in  a  NAFL  as  the  temperature  decreases 
from  above  Ter  to  Tc.  Above  Ter, the  strong  coupling  negative 
feedback  gives  rise  to  the  measured  mean  field  non-universal 
behavior,  with  displaying  Curie-Weiss  behavior.  Below 
Ter,  one  has  weak  spin  pseudogap  behavior,  manifested  in 
the  linear  in  T decrease  of  the  quasiparticle  density  of  states 
per  unit  energy  and  Xo(7')-  The  opening  of  the  spin  pseudo¬ 


gap  produces  z  =  1  magnetic  scaling  and  alters  the  temper¬ 
ature  dependence  of  §,  so  that  it  is  now  which  displays 
Curie-Weiss,  linear  in  T,  behavior.  At  r*,we  conjecture  that 
the  spin  pseudogap  exceeds  some  threshold  value:  one  gets 
a  crossover  from  weak  spin  pseudogap  to  strong  pseudo¬ 
gap  behavior  so  that  below  T*  the  system  behaves  much  as 
it  does  below  Tc.  The  negative  feedback  operative  at  wave 
vectors  in  the  vicinity  of  (rr/a,  ir/a)  acts  to  freeze  the  anti¬ 
ferromagnetic  correlations,  while  at  long  wavelengths  there 
is  nothing  to  oppose  the  rapid  opening  up  of  the  spin  pseu¬ 
dogap,  so  that  both  the  quasiparticle  density  of  states  and 
Xo(T)  fall  at  a  rapid  rate  between  T*  and  Tc,  while 
in  general,  reaches  a  minimum,  and  then  increases  as  the 
temperature  is  further  decreased,  producing  the  measured 
peak  in  (^^Tir)"^ 


5.  THE  EXPERIMENTAL  EVIDENCE  FOR 
PAIRING 

At  a  time  (mid-1989)  when  it  was  generally  believed 
that  psT  and  other  measurements  of  the  penetration  depth 
demonstrated  that  the  pairing  state  must  be  that  of  a  con¬ 
ventional  BCS  superconductor,  with  a  finite  gap  everywhere 
on  the  Fermi  surface  [26],  there  was  already  a  glitch  in 
the  conventional  superconductivity  scenario:  the  NMR  ex¬ 
periments  on  the  ^^Cu  spin-lattice  relaxation  rate  [27]  and 
Knight  shift  [28]  measurements  were  far  more  easily  under¬ 
stood  if  the  gap  contained  a  line  of  nodes.  Thus  Monien 
and  Pines  [29]  showed  that  the  results  for  the  Knight  shift 
and  71  in  the  superconducting  state  could  be  fit  quantita¬ 
tively  using  a  ti-wave  gap  function  which  incorporates  strong 
coupling  corrections,  with  A{7  -  0)  5kTc.  A  similar 
conclusion  for  7i  measurements  was  reached  by  Bulut  and 
Scalapino  on  the  basis  of  Hubbard  calculations  [30].  During 
the  next  few  years,  a  second  glitch  appeared;  Annett,  Gold- 
enfeld  and  Renn  examined  the  symmetries  allowed  by  the 
crystal  structure  of  the  cuprate  superconductors  and  called 
attention  to  the  fact  that  a  7^  power  law  provided  a  bet¬ 
ter  fit  to  the  penetration  depth  experiments  than  could  be 
obtained  with  an  exponential  fit  at  low  temperatures;  they 
suggested  that  pairing  plus  impurity  scattering  might 
provide  a  consistent  account  of  experiment  [31],  Some  two 
years  later  Shen  et  al  found  an  anisotropic  gap  in  angle 
resolved  photoemission  studies  on  Bi2212  samples  which 
was  qualitatively  consistent  with  pairing  [32].  Still, 

many  continued  (and  some  still  continue)  to  believe  in  the 
.y-wave  pairing  state  which  was  the  natural  consequence  of 
a  phonon-induced  quasiparticle  interaction. 

Indeed,  it  was  not  until  two  years  ago,  at  the  previous 
meeting  of  this  group  in  Santa  Fe,  that  one  had  a  special 
session  on  the  nature  of  the  pairing  state,  beginning  with 
the  report  by  Charlie  Slichter  [33]  on  the  measurements 
by  his  group  on  very  pure  samples  of  YBa2Cu307  which 
showed  an  anomalous  temperature  dependence  of  both  the 
anisotropy  of  the  ^^Cu  spin-lattice  relaxation  rate  and  the 
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ratio,  and  the  report  by  Walter  Hardy  on  mea¬ 

surements  by  his  group  [on  YBa2Cu307  samples  of  com¬ 
parable  purity]  of  a  linear  temperature  dependence  of  the 
penetration  depth  [34].  At  this  session,  one  of  us  [35]  re¬ 
ported  on  the  calculations  which  showed  that  one  could  ob¬ 
tain  a  quantitative  fit  to  both  of  these  experimental  results 
with  pairing,  by  using  a  realistic  Fermi  surface  and  a 
realistic  magnetic  interaction  between  planar  quasiparticles 
[36][37].  Doug  Scalapino  reported  on  the  extent  to  which 
Hubbard  calculations  were  likewise  consistent  with  exper¬ 
iment  [38],  while  Phil  Anderson  continued  to  express  in 
strong  terms  his  scepticism  concerning  the  magnetic  mech¬ 
anism  and  the  relevance  of  numerical  experiments  to  an 
understanding  of  high  Tc  [39]. 

In  some  sense,  the  Santa  Fe  Conference  marked  the  onset 
of  a  phase  transition  in  the  field;  during  the  past  two  years 
the  number  of  experiments  which  support  d^i^^  pairing  has 
increased  some  ten-fold,  while  those  which  do  not  support 
it  can  still  be  counted  on  the  fingers  of  one  hand.  Thus 
at  the  recent  Grenoble  meeting,  one  of  us  listed  some  fif¬ 
teen  experiments  on  clean  samples  and  nine  experiments  on 
“dirty”  samples  which  provided  strong  evidence  for  dxi^yP. 
pairing  [40].  We  comment  on  some  of  these  briefly. 

First,  the  pioneering  SQUID  measurements  of  a  change 
in  phase  of  the  order  parameter  as  one  goes  from  the  a  di¬ 
rection  to  the  b  direction  of  an  YBa2Cu307  crystal  by  Woll- 
man  and  Van  Harlingen  [41]  (discussed  by  Wollman  [42]  at 
this  meeting),  provide  direct  confirmation  that  the  pairing 
states  possesses  primarily  d^i-yi  symmetry.  These  have  been 
repeated  and  extended  by  many  other  groups;  the  current 
upper  limit  for  the  non  d^i-^  component  of  the  pairing  state 
is  some  3%  (Kirtley  et  al  [41].  Second,  the  Hardy  group 
measurements  of  the  penetration  depth,  which  have  been 
extended  to  untwinned  single  crystals  of  YBa2Cu307  and 
YBa2Cu408,  and  to  YBa2Cu306.63,  demonstrate  for  some 
samples  a  linear  temperature  dependence  down  to  tempera¬ 
tures  as  low  as  2  K;  these  place  a  strong  upper  limit  on  the 
size  of  any  energy  gap,  but  do  not  rule  out  an  anisotropic 
5- wave  state  which  otherwise  resembles  the  dxi-ypi  gap  func¬ 
tion,  Third,  the  NMR  experiments  of  the  Slichter  group 
provide  a  more  stringent  test,  since  Thelen  [37]  finds  that 
with  an  anisotropic  .s-wave  state  which  differs  from  the  dx2-^ 
state  only  in  the  changed  coherence  factors,  the  quantita¬ 
tive  fit  to  experiment  obtained  by  Thelen  et  al  [36]  for  the 
dx2-.yi  pairing  state  goes  away;  the  calculated  results  differ 
significantly  from  experiment.  To  account  for  the  quantities 
measured  in  NMR  experiments,  the  three  spin-lattice  relax¬ 
ation  rates,  T\  )|| ),  71],  the  spin  echo  decay  rate. 

Tig  (which  has  now  been  measured  for  YBa2Cu408  [20]), 
and  the  ^^Cu  Knight  shift  in  the  superconducting  state,  one 
has  to  get  everything  right:  the  Shastry-Mila-Rice  form  fac¬ 
tors,  the  quasiparticle  Fermi  surface,  the  strong  coupling 
corrections  to  the  gap  function,  and  the  coherence  factors 
which  depend  on  the  pairing  state.  Remove  any  of  these,  and 
agreement  with  experiment  disappears.  For  example,  Bulut 
and  Scalapino  [43],  find  with  a  dx2-^  pairing  state,  and  a 


gap  function  consistent  with  the  Knight  shift  results  and 
correct  form  factors,  that  the  calculated  anomalous  tem¬ 
perature  dependence  of  the  anisotropy  of  71  agrees  with 
experiment,  but  obtain  the  wrong  temperature  dependence 
for  in  the  superconducting  state  because  they 

used  a  Fermi  surface  which  did  not  incorporate  the  influ¬ 
ence  of  next  nearest  neighbor  hopping  on  the  Fermi  surface. 
To  our  knowledge,  apart  from  the  calculations  of  Thelen  et 
al  [36],  no  other  group  has  succeeded  in  obtaining  agree¬ 
ment  with  experiment  for  these  spin  lattice  relaxation  rates; 
thus  it  would  seem  that  these  NMR  experiments  provide 
an  unusually  strong  set  of  constraints  on  candidate  pairing 
theories  and  Fermi  surfaces. 

The  issue  of  “dirty  J-wave”  superconductivity  was  also 
first  discussed  two  years  ago  at  Santa  Fe.  A  frequently  ex¬ 
pressed  concern  about  the  magnetic  mechanism  had  been 
that,  in  contrast  to  what  was  seen  experimentally,  Tc  would 
be  quite  sensitive  to  the  presence  of  impurities.  One  of  us 
reported  at  Santa  Fe  on  strong  coupling  calculations  which 
showed  that  insofar  as  lifetime  effects  were  concerned,  this 
was  not  the  case.  The  influence  of  elastic  impurity  multi¬ 
ple  scattering  on  normal  state  quasiparticle  properties  and 
Tc  was  small,  essentially  because  the  influence  of  inelastic 
scattering  against  spin  fluctuations  is  so  much  larger  [44]. 

Of  particular  interest  is  the  remarkably  different  influ¬ 
ence  of  Zn  and  Ni  impurities  (which  enter  substitutionally 
at  planar  Cu  sites)  on  both  Tc  and  the  low  temperature  su¬ 
perconducting  properties  of  the  1-2-3  system.  The  NMR 
experiments  of  Ishida  et  al  on  ^^Cu  spin-lattice  relaxation 
times  in  doped  YBa2Cu307  [45]  tell  us  that  substituting  Zn 
for  Cu  has  a  significant  impact  on  the  neighboring  Cu^"^ 
spins,  while  Ni  substitution  leads  to  no  perceptible  change 
in  ^^Cu  spin-lattice  relaxation  times.  Zn  has  a  closed  shell, 
so  when  it  substitutes  for  a  Cu^**"  spin,  it  goes  in  as  a  “veg¬ 
etable”:  the  local  magnetic  order  is  destroyed,  since  nearby 
Cu^*^  spins  will  see  a  different  local  environment  over  dis¬ 
tances  comparable  to  the  correlation  length.  Substituting 
Ni  on  the  other  hand  leads  to  no  measurable  change  in  the 
local  magnetic  environment.  These  two  impurities  will  then 
present  quite  different  scattering  potentials  for  planar  quasi¬ 
particles.  Because  Zn  substitution  affects  a  large  number  of 
Cu^"*"  spins,  the  corresponding  effective  scattering  potential 
will  be  strong,  requiring  that  multiple  scattering  effects  be 
included  in  calculating  its  influence  on  quasiparticles  (a  “t” 
matrix  description  of  the  scattering  act  rather  than  the  Bom 
approximation);  moreover  the  potential  possesses  a  finite 
range,  comparable  to  5-  Taken  together,  these  effects  led  us 
to  conclude  that  Zn  will  always  act  as  an  unitary  scatterer. 
By  contrast,  the  corresponding  Ni  impurity  potential  will 
be  local  (only  in  its  immediate  vicinity  does  a  quasiparticle 
recognize  a  changed  environment);  the  influence  of  Ni  may 
be  treated  in  the  Bom  (weak  potential  scattering)  approxi¬ 
mation. 

Consider  now  their  relative  impact  on  the  superconduct¬ 
ing  transition  temperature,  Tc,  of  YBa2Cu307.  Our  strong 
coupling  calculations  [46],  which  incorporate  multiple  scat- 
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tering,  enable  us  to  classify  scatterers  in  terms  of  their  im¬ 
pact  on  Tc.  We  find,  in  the  unitary  limit, 

(^TdTc)  -  9nu  (9) 

where  nu  is  the  concentration  (in  %)  of  “unitary  limit” 
scatterers.  Since  experimentally 

(^TclTc)-^.9nni  (10) 

we  conclude  Ni  is  a  sub-unitary  scattered  For  Zn,  on  the 
other  hand,  experiment  tells  us  that 

{^TclTc)  =  \^enzn  (11) 

Zn  is  therefore  a  “superunitary”  scatterer,  which  means  that 
it  does  more  than  bring  about  the  maximum  modification 
in  Tc  associated  with  a  “1  /  t”  change  in  quasiparticle  energy 
(a  la  Abrikosov  and  Gor’kov).  Thus,  on  the  basis  of  its 
influence  on  Tc  alone,  one  could  argue,  in  accord  with  the 
above  physical  picture,  Zn  must  change  the  pairing  potential 
responsible  for  superconductivity. 

The  results  on  the  quite  different  influence  of  Zn  and 
Ni  planar  impurities  provide  the  “smoking  gun”  for  the 
magnetic  mechanism,  analogous  to  the  isotope  effect  which 
served  as  a  smoking  gun  for  a  phonon-induced  interaction 
leading  to  superconductivity  in  conventional  superconduc¬ 
tors.  What  the  isotope  effect  showed  was  that  changing  the 
phonon  spectrum,  without  otherwise  altering  system  prop¬ 
erties,  led  to  a  significant  change  in  Tc.  We  have  seen  that 
Zn  changes  the  local  magnetic  order  while  Ni  does  not, 
hence  the  fact  that  for  comparable  concentrations  Zn  re¬ 
duces  Tc  some  four  times  more  effectively  than  Ni  can  only 
be  attributed  to  its  influence  on  the  local  magnetic  order,  and 
hence  on  the  magnetic  pairing  potential.  Put  another  way, 
were  the  pairing  potential  of  nonmagnetic  origin,  the  effect 
of  the  two  different  impurities  on  Tc  would  be  comparable. 
It  is  not.  Therefore  the  pairing  potential  possesses  a  mag¬ 
netic  origin:  QED. 

We  turn  now  to  the  low  temperature  superconducting 
properties.  It  was  remarked  early  on,  in  the  study  of  heavy 
electron  superconductors,  that  for  a  gap  function  with 
nodes,  the  properties  of  the  quasiparticles  which  congre¬ 
gate  there  at  low  temperatures  will  be  quite  sensitive  to  the 
presence  of  impurities  [47].  For  the  present  case  of  dx2~yi. 
pairing  in  the  cuprate  superconductors,  Lee  [48],  Hirschfield 
and  Goldenfeld  [48],  and  Hotta  [48],  have  shown  that  in  the 
unitary  limit  of  strong  multiple  scattering  at  low  tempera¬ 
tures  and  low  frequencies  the  quasiparticle  density  of  states 
per  unit  energy  shifts  from  an  N((jo)  which  is  linear  in  co 
to  a  constant  value,  A/(0),  producing  quadratic  behavior 
in  Nq(T).  The  cross-over  from  quadratic  behavior  at  low 
temperatures  to  linear  behavior  occurs  at  a  temperature 
T*  ^  y,  the  impurity-induced  quasiparticle  scattering  rate. 
For  zero  range  impurity  scattering,  Ai(0)  n\^^\  for  the 

finite  range  (~  ?)  impurity  potentials  produced  by  imper¬ 
fections  which  destroy  local  magnetic  order,  one  enters  a 
quasi-one-dimensional  region  of  quasiparticle  scattering. 


with  M(0)  «/,  at  comparatively  low  impurity  concentra¬ 

tions  [49].  Taken  together  with  our  calculations  which  show 
that  Zn  is  a  unitary  scatterer,  Ni  a  sub-unitary  scatterer, 
these  calculations  explain  the  results  reported  by  Kitaoka 
on  the  vastly  different  influence  of  Ni  and  Zn  impurities  on 
the  low  temperature  Knight  shift  and  spin-lattice  relaxation 
rates  [50],  as  well  as  those  of  Bonn  et  al  [51]  on  the  influ¬ 
ence  of  these  impurities  on  the  low-temperature  behavior 
of  the  penetration  depth.  Both  experiments  show  that  a 
quite  modest  concentration  of  Zn  impurities  (-^  0.3%)  act 
to  alter  the  low  temperature  behavior  of  A(r)  and  Xo(7") 
from  the  linear  dependence  on  T  predicted  by  d^i^yi  pair¬ 
ing  for  a  clean  superconductor  to  a  quadratic  dependence, 
while  comparable  concentrations  of  Ni  impurities  produce 
no  effect. 

Our  argument  about  Zn  impurities  can  easily  be  gen¬ 
eralized;  we  predict  that  any  imperfection  (extrinsic  or  in¬ 
trinsic)  which  destroys  local  magnetic  order  will  act  as 
a  unitary  scatterer  in  its  influence  on  X{T),  XoiT),  etc. 
The  superstructure  found  in  even  the  “best”  samples  of 
Bi2Sr2CaCu208,  gives  rise  to  just  such  a  class  of  intrinsic 
imperfections,  whose  effect  is  clearly  visible  in  low  tempera¬ 
ture  Knight  shift  and  measurements  on  Bi2Sr2CaCu208 
[52].  A  second  example  is  provided  by  thin  film  experiments 
which  show  that  even  in  the  best  thin  films  A(r)  displays  T^ 
behavior  at  low  temperatures.  The  2-1-4  system  may  provide 
a  third  such  example.  If,  as  the  theoretical  calculations  of 
Martin  [53]  and  the  experiments  of  Hammel  [54]  suggest,  a 
certain  fraction  of  the  holes  introduced  by  Sr  doping  are  lo¬ 
calized  on  nearly  planar  Cu^'*'  sites,  these  holes  will  destroy 
local  magnetic  order.  As  a  result,  even  in  the  “best”  sam¬ 
ples  of  Lai.85Sro.i5Cu04,  the  concentration  of  such  localized 
holes  may  be  sufficient  to  destroy  any  obvious  signatures  of 
the  nodal  structure  of  a  “clean”  superconductor,  an 
effect  we  have  proposed,  with  Balatsky  [55],  as  an  explana¬ 
tion  of  the  neutron  scattering  results  of  Mason  et  al  [10] 
on  this  system. 


6.  DOPCSiG  DEPENDENCE  OF  Tc 

In  what  follows,  we  give  mostly  qualitative  arguments 
on  how  one  can  begin  to  understand  the  doping  depen¬ 
dence  of  Tc  on  the  basis  of  the  magnetic  mechanism  we 
have  proposed.  We  begin  by  making  use  of  the  simple  ar¬ 
guments  given  in  Section  2  and  the  results  of  Monthoux 
and  Scalapino  [56]  who  studied  the  change  in  Tc  produced 
by  small  changes  in  the  spin -fluctuation  spectral  weight  at 
various  frequency  and  momentum  transfers.  We  have  seen 
that  Tc  is  increased  when  spectral  weight  is  shifted  to  large 
momentum  transfers,  preferably  Q  =  if  this  wave 

vector  spans  the  Fermi  surface.  Monthoux  and  Scalapino 
have  shown  that  since  Anderson’s  theorem  does  not  apply 
for  a  i/-wave  order  parameter,  low  frequency,  quasi-static 
spin-fluctuations  (co  <  Tc),  basically  act  as  impurities  and 
are  pair  breaking,  even  at  Q=  (tt,  tt).  Thus  Tc  increases  if 
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spectral  weight  is  removed  from  the  low  frequency,  o)  <  Tc, 
region.  On  the  other  hand,  if  spectral  weight  is  removed 
from  the  frequency  region  above  Tc  for  wave  vectors  near 
Q=  (tt,  7t),  Tc  is  strongly  suppressed. 

Consider  now  the  influence  of  the  spin  pseudogap  on 
Tc,  NMR  and  neutron  scattering  experiments  show  that  for 
wavevectors  near  (tt,  tt),  the  pseudogap  suppression  of  the 
spin  fluctuation  spectral  weight  occurs  for  {w,T)  ^  Ter, 
the  temperature  which  marks  the  onset  of  pseudogap  be¬ 
havior.  Ter,  which  is  ^  Tc  at  doping  levels  appropriate  to 
YBa2Cu307,  and  increases  rapidly  as  the  doping  level  de¬ 
creases,  with  {TcrITc)  10  for  Lai.85Sro.i5Cu04  [23].  Hence 
as  the  doping  level  decreases,  the  pseudogap  removes  more 
and  more  of  the  “good”  spin  fluctuation  spectral  weight 
(Tc  ^  CO  Ter),  while  the  removal  of  spectral  weight  for 
(JO  ^  Tc,  which  enhances  Tc,  plays  an  increasingly  less  im¬ 
portant  role. 

What  happens  when  one  reaches  the  fully  doped  or  over¬ 
doped  regime  of  hole  concentrations  ^  those  found  in 
YBa2Cu307,  for  which  there  are  no  longer  any  spin  pseudo¬ 
gap  effects?  Here  the  numerical  experiments  we  carried  out 
for  fully  doped  systems  [6][7]  provide  a  guide  to  the  change 
in  Tc  as  one  goes  from  the  Y  based  systems  to  the  T1  and 
Bi-based  systems.  These  showed  that  increasing  the  hole 
concentration  and  decreasing  5  act  to  increase  Tc,  a  sce¬ 
nario  which  is  consistent  with  NMR  results  for  the  T1  and 
Bi-based  superconductors,  and  which  may  apply  to  the  Hg- 
based  system  as  well,  although  information  on  magnetic 
correlations  in  the  latter  materials  is  not  yet  available.  This 
process  continues  until  one  reaches  values  of  5  ^  after 
which  Tc  drops  quite  suddenly.  The  simple  argument  we  gave 
in  Section  2  explains  this  last  result.  As  §  becomes  smaller 
and  smaller,  the  pairing  interaction  becomes  more  and  more 
local,  up  to  the  point  where  only  the  on-site  potential  is 
appreciably  different  from  zero.  But  since  the  order 

parameter  vanishes  at  the  origin,  there  is  no  more  pairing 
in  the  <42 channel  and  Tc  drops  to  zero. 


7.  CONCLUDING  REMARKS 

The  well-documented  close  approach  of  the  cuprate  su¬ 
perconductors  to  antiferromagnetism,  the  evidence  from 
NMR  experiments  that  the  effective  magnetic  interaction 
betwen  planar  quasiparticles  is  both  strong  and  peaked 
at  Q,  the  demonstration  that  such  an  interaction  leads 
naturally  to  dx2-y;i  pairing,  our“proof  of  concept”  that  it 
can  yield  a  --  90  K  in  YBa2Cu307,  and  our  qualitative 
arguments  on  the  doping  dependence  of  Tc,  provide  both 
back-of-the-envelope  and  detailed  theoretical  support  for 
the  view  that  the  magnetic  mechanism  provides  not  only 
the  simplest,  but  also  the  most  natural,  explanation  for 
the  appearance  of  d^i^yi  superconductivity  in  the  cuprates, 
and  that  the  measured  variation  in  both  normal  state  and 
superconducting  properties  arises  primarily  from  changes 
in  hole  doping  in  the  Cu-O  planes.  There  is  also  a  “smok¬ 


ing  gun”  for  the  magnetic  mechanism:  changing  the  local 
magnetic  order  (by  substituting  Zn  for  Cu  atoms  in  the 
plane)  produces  a  change  in  Tc  significantly  greater  then 
that  found  by  substituting  an  impurity  (such  as  Ni)  which 
does  not  influence  the  local  magnetic  order.  Taken  together 
with  the  recent  outpouring  of  experiments  on  both  very 
clean  and  dirty  samples  which  support  dxi-yp.  pairing,  the 
case  for  a  magnetic  quasiparticle  interaction  leading  to  a 
dx2-^  pairing  becomes  a  remarkably  strong  one. 
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Abstract — We  present  Quantum-Monte -Carlo  results  for  the  momentum  and  frequency  dependent  spectral 
weight  6o)  showing  the  evolution  from  insulating  to  metallic  behavior  in  the  two-dimensional  Hubbard 
model.  As  observed  in  recent  photoemission  experiments  for  cuprates,  in  both  undoped  and  doped  cases 
the  electronic  excitations  display  two  rather  similar  general  features,  i.e.  a  quasiparticle  (QP)-like  dispersive 
band  of  small  width  of  the  order  of  the  exchange  interaction  J  and  a  broad  valence-  and  conduction-band 
background.  Arguments  for  one  and  the  same  many-body  physics  namely  the  continuous  reduction  of  the 
spin-spin  correlation  length  and  related  changes  in  the  QP-spin  correlations  behind  the  continuous  evolution 
to  the  metallic  QP  dispersion  are  given. 


1.  INTRODUCTION 

Recent  results  of  angle  resolved  photoemission  spec¬ 
troscopy  (“ARPES”)  [1]  revealed  strong  similarities  in 
the  low-energy  excitations  of  a  proto-type  insulating  cop¬ 
per  oxide,  i.e.  Sr2Cu02Cl2  [2],  and  metallic  cuprates  like 
Bi  2212,  Bi  2201,  etc.:  in  both  cases  the  quasiparticle  (QP) 
band  has  rather  small  dispersion  of  typically  1  eV  width, 
it  is  separated  from  a  broad  main  valence-band  “back¬ 
ground”  (of  about  6  eV  width)  in  much  the  same  way,  the 
A:-dispersion  is  similar  and  also  the  intensity  modulation 
as  function  of  energy  is  comparable.  Thus,  it  appears  that 
the  dispersive  metallic  band  evolves  continuously  from  the 
insulating  limit  and  has  a  similar  physical  origin  as  the 
undoped  valence  band  in  the  cuprates.  This  has  impor¬ 
tant  consequences  for  the  copper  oxides:  the  excitation 
spectrum  in  the  insulating  case  is  decisively  determined  by 
many-body  effects,  documented  by  the  known  difficulties 
of  one-electron  bandstructure  calculations  for  the  insulat¬ 
ing  limit  [1],  which  then  strongly  emphasizes  a  many-body 
origin  of  the  QP  dispersion  also  in  the  metallic  case. 

We  present  in  this  work  Quantum-Monte-Carlo  (QMC) 
results  for  the  two-dimensional  (2-D)  Hubbard  model  which 
demonstrate  for  this  “generic”  model  the  above  strong  sim¬ 
ilarities  between  undoped  insulating  and  doped  metallic  sit¬ 
uations. 

In  order  to  obtain  from  the  QMC  data  for  the  single¬ 
particle  finite-temperature  propagator  G(k,  t)  the  corre¬ 
sponding  spectral  weight  (A,  co)  for  real  frequencies  co,  the 
maximum-entropy  method  [3]  has  been  used,  which  provides 
a  controlled  way  to  infer  the  most  reliable  A{k,(jo)  in  the 
light  of  the  QMC  data.  To  achieve  the  desired  resolution,  we 
used  a  likelihood  function  which  takes  the  error-covariance 
matrix  of  the  QMC  data  and  its  statistical  inaccuracy  con¬ 
sistently  into  account  [4].  Correlations  of  the  data  in  imagi¬ 


nary  time  were  considered  by  making  use  of  the  covariance 
matrix  in  the  MaxEnt-procedure  [5].  As  suggested  in  pre¬ 
vious  work  by  White  [6],  various  moments  of  the  spectral 
weight  were  also  incorporated  in  extracting  A(k,  co). 

The  results  presented  here  are  for  lattices  8  X  8  in  size,  an 
Coulomb  interaction  U  =  St  and  for  temperatures  ranging 
from  pt  =  3  {T  =  0.330  to  pt  =  10  {T  =  0.10.  Covering 
this  temperature  range  allows  us  in  effect  to  study  (at  half¬ 
filling)  a  situation  where  the  spin-spin  correlation  length  § 
is  larger  (for  pt  =  10)  than  the  lattice  size.  In  this  case  the 
system  behaves  as  if  it  were  at  T  =  0  and  develops  an  AF 
gap.  For  pt  —  3,  on  the  other  hand,  the  spin-spin  correlation 
length  is  shorter  than  our  finite  lattice  and,  consequently, 
the  gap  is  diminished  and  metallic  fluctuations  exist  [7]. 


2.  QUASIPARHCLE  DISPERSION  OF  2D  HUBBARD 
MODELS 

Inspecting  Fig.  1  we  observe  two  general  features:  One 
is  that  A{k,(jo)  contains  a  rather  dispersion-less  “incoher¬ 
ent  background”,  extending  both  for  electronically  occu¬ 
pied  (co  <  n)  states  and  unoccupied  (co  >  fJ)  states  over 
~  6/  (~  6  eV)  in  the  U  =  St  case.  The  new  structure,  which 
was  not  previously  resolved  in  QMC  work  is  a  dispersing 
structure  at  low  energies  with  small  width  of  the  order  of  /, 
which  defines  the  gap  A  and  which  is  well  separated  from 
the  higher  energy  background. 

The  splitting  in  the  low-energy  “band”  and  the  higher- 
energy  “background”  is  especially  pronounced  near  r-(for 
CO  <  fS)  and  M-(for  co  >  /j)  points  due  to  a  relative  weight 
shift  from  negative  to  positive  energies  as  k  moves  through 
X  or  equally  through  (Tr/2,  tt/2),  the  midpoint  between  F 
and  M.  The  overall  weight  distribution  in  A{k,  co)  follows 
roughly  the  SDW  prediction  as  found  in  the  QMC  calcu- 
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Fig.  1.  Single-particle  excitation  of  the  8  X  8  Hubbard  model  for  U  =  8r:  half-filling  (left  column)  and  doping  <  n  >=0.95  (right 
column);  (a,b)  6o  versus  k  “bandstructure”,  where  dark  (white)  areas  correspond  to  a  large  (small)  spectral  weight  and  peaks  in  A{k,03) 
are  represented  by  points  with  error  bars;  (c,d)  schematic  plot  of  the  bandstructure. 


lation  by  Bulut  et  al.  [8]:  the  total  integrated  weight  in  the 
SDW  approximation  <  >=  (Jo)d(jo,  is  in 

good  accord  with  the  QMC  momentum  distribution  [8]. 

However,  the  dispersion  of  the  structure  near  the  gap 
does  not  follow  the  SDW  prediction:  its  dispersion  has  a 
significant  (about  a  factor  of  2  for  C/  =  8^)  smaller  width 
set  by  the  value  of  J.  This  result  is  in  good  accord  with  the 
dispersion  and  width  found  for  the  low  energy  “foot”  in 
recent  angle-resolved  photoemission  (ARPES)  data  [2]  and 
t-J  model  results  (there  t  «  0.4  eV)  [9].  This  is  illustrated  in 
Fig.  1(a),  where  the  low-energy  peaks  in  .^4(^,  co)  are  fitted 
by  (full  and  dotted  lines)  £*  =  A  +  J l2(coskx  +  cos/r^;)^, 
with  A  =  2.4^,  rather  than  by  the  SDW  (strong-coupling) 

result,  i.e.  Ek  =  =  A  +  J{coskx  +  cos ky)^. 

The  overall  agreement  between  the  ARPES  width  and  the 
Hubbard  model  data  (for  t  w  \eV)  is  significant  because  it 
shows  in  fact  that  the  energy  scale  of  the  low-lying  insulating 
band  is  controlled  by  many-body  effects  beyond  the  mean- 
field  SDW  result. 

If  we  increase  the  temperature  to  pt  =  3  (not  shown)  a 
maximum  develops  in  the  valence-band  at  the  M-point  and 
not  at  the  X-  or  (nil,  Tr/2)-points  in  contrast  to  the  pt  = 
10  results.  This  at  first  puzzling  “high-temperature”  result 
reflects  the  fact  that  oX  pt  -  3  the  spin-spin  correlation 
length  §  is  about  a  factor  of  2.5  smaller  than  the  QMC 


lattice  extension.  The  system  then  shows  precursor  effects 
of  a  metal,  which  move  the  spectral  weight  (valence-band) 
maximum  -  in  agreement  with  the  metallic  situation  in  Fig. 
1(b)  -  to  the  M-point.  Otherwise,  the  low-energy  band  is 
found  to  be  essentially  unaffected  by  changing  temperature 
from  T  =  O.H  to  r  =  0.33^. 

Keeping  this  in  mind,  we  consider  in  the  right  column 
of  Fig.  1  the  low-energy  electronic  structure  in  the  metallic 
regime  for  doping  <  n  >=0.95.  Fig.  1(b)  shows  the  disper¬ 
sion  relation  with  the  degree  of  shading  representing  the 
intensity  of  Aik,  cjo)^  as  in  Fig.  1(a).  Like  in  the  half-filled 
case,  we  observe  two  general  features,  which  are  both  seen 
in  recent  photoemission  experiments  [1]:  a  broad  “back¬ 
ground”  of  «  4^-6^  spanning  the  lower  and  upper  Hubbard 
band  and  a  pronounced  low-energy  “foot”  of  significantly 
smaller  width,  which  is  clearly  resolved  between  F-^X  and 
T^inl2,n/2).  The  situation  is  depicted  schematically  in 
Fig.  1(d). 

The  results  for  the  doped  case  have  several  important  im¬ 
plications:  First,  they  reveal  that  the  lowest  energy  “band” 
in  the  insulator  and  the  “band”  that  crosses  the  chemi¬ 
cal  potential,  co  =  in  the  hole-doped  metal  are  rather 
similar:  the  low-energy  band  is  separated  from  the  broad 
valence-band  background  (“LHB”  (lower  Hubbard  band) 
in  the  schematic  drawings  of  Fig.  1)  in  the  same  way;  it  has 
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Fig.  2.  Quasiparticle  dispersion  of  the  three-band  Hubbard  model: 
Hartree-Fock  (HF)  results  (dashed  line)  and  FLEX  calculations 
which  include  only  the  charge  scattering  channel  (dotted  line) 
and  all  symmetrically  chosen  particle-hole  and  particle-particle 
channels  (full  line)  are  compared  to  ARPES  experiments  (open 
circle:  Ref,  [1],  full  circles:  Ref.  [15]). 

similar  dispersion  and  it  has  a  similar  intensity  modulation 
as  a  function  of  energy.  Thus,  the  lowest-energy  metallic 
band  appears  to  be  effected  by  similar  many-body  physics 
as  in  the  insulating  regime,  namely  magnetic  correlations 
connected  with  the  (now)  short-range  AF  order.  This  is  not 
in  contradiction  but  instead  substantiated  by  the  fact  that 
the  metallic  band  develops  its  maximum  at  the  M-point:  as 
pointed  out  above,  this  happens  as  soon  as  the  spin-spin 
correlation  length  g  is  smaller  than  the  length  (L=8),  a  sit¬ 
uation  obtained  for  the  filling  <  n  >=0.95. 

Another  noteworthy  feature  of  the  doped,  metallic  situ¬ 
ation  is  that  the  intensity  change  (but  not  the  width)  as  a 
function  of  k  for  the  higher-energy  background  in  A{k,(x>) 
still  follows  essentially  the  AF  SDW  picture  with,  in  partic¬ 
ular  “shadow  bands”  resulting  from  the  AF  short-range  or¬ 
der  being  clearly  visible  at  r-(co  -  ju - 5t)  and  M-(co  -jj  ^ 

+7Q  points.  Even  remnants  can  be  detected  of  folded  back 
“shadow  bands”  near  the  M-point  for  co  <  ^,  which  in  the 
SDW-picture  have  much  less  oscillator  strength  and  spec¬ 
tral  intensity  than  the  original  band  (between  F-^X)  (see 
also  [10]).  The  findings  confirm  to  a  certain  extent  a  phe¬ 
nomenological  work  by  Kampf  and  Schrieffer  [11]. 

Finally,  we  would  like  to  mention  that  an  important  detail 
of  the  QMC  data,  the  rather  extended  flatness  of  the  energy 
band  near  the  X(Tr,  0)-point,  which  is  in  good  agreement 
with  ARPES  experiments  of  Dessau  et  al.  [1]  for  Bi  2212, 
has  previously  been  resolved  in  QMC  work  both  for  the 
one-band  [12]  and  the  three-band  [13,14]  Hubbard  mod¬ 
els.  This  rather  extended  flatness,  extending  like  the  ARPES 
data  not  only  into  X-^F,  but  also  into  the  X-+M  regions  (as 
displayed  in  Fig.  3)  is  already  inherent  in  the  undoped  low- 
energy  structure  near  X,  a  fact  which  has  recently  also  been 
found  in  2-D  t-J  model  studies  by  Dagotto  et  al.  [9].  Its  ex¬ 
tension,  in  particular  into  X-^M  direction,  is  not  consistent 
with  available  one-electron  band  calculations  [1].  It  can  be 
explained  by  a  conventional  self-energy  diagramatic  analysis 
summing  over  the  leading  spin-fluctuation  diagrams  [14].  It 
is  thus  a  many-body  effect  related  to  magnetic  correlations 
consistent  with  the  arguments  given  in  this  work. 


3.  CONCLUSIONS 

In  summary,  we  have  studied  the  evolution  of  the  2-D 
Hubbard  model  from  insulator  to  metal  in  terms  of  the  elec¬ 
tronic  spectral  weight,  obtained  from  the  maximum-entropy 
analytic  continuation  of  QMC  data.  These  results,  combined 
with  recent  ARPES  data,  can  be  taken  as  strong  indication 
that  the  QP  dispersion  of  the  high-Tc  compounds,  not  only 
in  the  insulating  limit  but  -  particularly  -  in  the  metallic  situ¬ 
ation,  has  a  many-body  origin:  the  coupling  of  the  quasipar¬ 
ticles  to  antiferromagnetic  correlations.  Acknowledgements— 
We  would  like  to  thank  R.  Laughlin,  S.  Maekawa,  A.  Mura- 
matsu,  D.  Poilblanc,  H.  Schulz,  Z.-X.  Shen  and,  particularly,  D.J. 
Scalapino  for  instructive  discussions.  The  calculations  were  per¬ 
formed  at  the  HLRZ  Julich  and  at  the  LRZ  Munchen. 
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Abstract — ^The  properties  of  strongly  correlated  electron  models  in  the  form  of  ladders  are  reviewed.  The 
groundstate  of  undoped  and  lightly  doped  two  chain  ladders  described  by  the  t-J  model  is  a  realization  of 
a  d-wave  resonance  valence  bond  state.  Although  many  properties  are  those  of  lightly  doped  insulators,  the 
strong  magnetic  polarizability  modifies  the  dispersion  relation  for  quasiparticles  to  resemble  a  metal  with 
a  large  Fermi  surface.  Some  discussion  is  given  of  possible  relationships  of  the  ladder  systems  to  a  two 
dimensional  planar  t-J  model  and  of  a  possible  origin  of  the  spin-gap  in  underdoped  cuprates. 


1.  INTRODUCTION 

Recent  experiments  which  use  quantum  interference  in  var¬ 
ious  geometries  to  test  the  order  parameter  symmetry  of 
the  cuprates  have  all  favored  a  -symmetry  [1].  They 
add  further  motivation  to  study  strong  correlation  models 
which  have  pairing  in  the  d-wave  channel.  Two  chain  lad¬ 
ders  described  by  either  the  Hubbard  Hamiltonian  or  the 
strong  coupling  t-J  Hamiltonian,  provide  us  with  simple 
model  system  which  can  be  analyzed  reliably  by  a  number 
of  techniques  [2-12].  They  are  a  form  of  one  dimensional 
model  but  have  behavior  on  the  low  energy  scale  which  is 
distinct  from  single  chain  models.  At  half-filling,  for  ex¬ 
ample,  the  ladder  has  a  spin  liquid  groundstate  [2-5,  9]. 
Early  mean  field  calculations  [6]  predicted  an  evolution  of 
the  spin  gap  of  the  spin  liquid  with  hole  doping  leading  to 
pairing  of  the  holes  essentially  in  a  d-wave  state — although 
the  ladder  does  not  have  tetragonal  symmetry  the  crucial 
sign  change  of  the  pairing  amplitude  between  perpendicu¬ 
lar  directions  remains.  These  mean  field  results  have  been 
confirmed  and  refined  by  recent  numerical  calculations  us¬ 
ing  Lanczos  diagonalization  [7]  and  density  matrix  renor¬ 
malization  group  (DMRG)  methods  [10].  Further  several 
examples  of  cuprates  have  been  found  which  have  weakly 
coupled  ladders  and  exhibit  the  spin  liquid  groundstate  [13- 
16].  As  such  they  are  examples  of  the  resonance  valence 
band  (RVB)  state  of  5  =  1/2  antiferromagnets  postulated 
by  Anderson  in  1987  in  the  first  theoretical  paper  on  the 
cuprate  superconductors  [17]. 

In  the  next  section  a  brief  review  will  be  given  of  the 
properties  of  the  undoped  systems  on  Heisenberg  ladders 
for  which  there  is  experimental  confirmation  of  the  key 
ideas.  Then  the  effect  of  hole  doping  will  be  discussed  but 
for  the  present  there  are  no  experimental  realizations  of  the 
doped  systems.  The  third  section  will  be  more  speculative 
in  character  and  discuss  the  lessons  that  can  be  drawn  from 
the  analysis  of  the  ladder  models  for  the  2D-planar  limit. 


2.  TWO  CHAIN  t-J  AND  HUBBARD  LADDERS 

2.1.  Undoped  systems 

In  the  absence  of  carriers  all  electrons  are  localized  and 
the  strong  coupling  limit  of  the  Hubbard  model  reduces  to 
a  n.n.  Heisenberg  5=1/2  model  with  antiferromagnetic  ex¬ 
change  constants  /(/j.)  along  the  legs  (rungs)  of  the  ladder. 

^7  ==  J  ■  Sj+ia  ~  TWy«/I;a+l  ) 

la  ^ 

+  J±  -  -njenjr)  (1) 

J  ^ 

and  J  runs  over  L  rungs  and  (x{=  £,r)  is  an  index  for  the 
legs. 

The  limit  Jx  »  J  is  simple  since  then  the  groundstate 
is  a  product  of  singlets  on  each  rung.  The  lowest  excited 
state  is  an  5  =  1  magnon  localized  on  a  single  rung.  A  fi¬ 
nite  coupling  J  along  the  legs  of  the  ladder  broadens  the 
localized  triplet  into  a  band  of  magnons.  The  isotropic  limit 
J±  -  J  describes  the  cuprate  ladder  compounds.  The  nu¬ 
merical  calculations  of  Dagotto  et  al  [3]  and  Barnes  et  al 
[5]  showed  that  the  minimum  of  the  magnon  band  at  the 
zone  boundary  (kx  =  tt)  is  at  an  energy  00(77)  =  7/2  lead¬ 
ing  to  a  finite  spin  gap  and  a  spin  liquid  groundstate  with 
exponential  decay  of  the  spin  correlations.  A  collapse  of 
the  spin  gap  to  zero  would  signal  the  onset  of  longer  range 
correlations.  The  spins  in  the  triplet  at  isotropy  are  spread 
over  several  rungs  so  that  n.n.n.  and  longer  range  processes 
enter  the  magnon  dispersion  and  the  finite  value  of  co(7t) 
is  due  to  the  higher  order  terms  [18]. 

Troyer  et  al.  [8]  found  that  a  simple  expression  for  the 
uniform  spin  susceptibility  XsiT)  assuming  non-interacting 
magnons  but  including  a  hard  core  repulsion 

XsiT)=z{T)/T{\^3z(T));  z(T) 
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=  (27T)  ^  I  dkxexp(-co{kx)IT)  (2) 

-TT 

fit  well  to  detailed  numerical  calculations  using  a  Quan¬ 
tum  Transfer  Matrix  method.  A  similar  approach  gives  an 
exponential  fall  off  of  the  NMR  relaxation  time  l/TiT  at 
low  temperatures.  Rice  et  al.  [15]  proposed  that  the  com¬ 
pound  family  Sr;,-iCu„+i02n,  first  synthesized  by  Takano 
and  coworkers  [13],  would  be  realizations  of  ladder  struc¬ 
tures.  The  Cu02-planes  in  the  high-T^  cuprates  have  all 
corner  sharing  CUO4  squares  so  that  all  super-exchange 
bonds  are  180°  Cu-O-Cu  bonds.  However  in  the  Cu„+i02«- 
planes  there  are  parallel  line  defects  with  edge  sharing  CUO4 
squares  leading  to  90°  Cu-O-Cu  bonds.  Such  bonds  are 
expected  to  be  weak  and  ferromagnetic  and  thus  frustrated 
by  the  strong  180°-bonds.  Mean  field  calculations  [19]  show 
the  square  lattice  of  Cu^"^ -spins  broken  up  into  weakly  in¬ 
teracting  ladders  whose  width  depends  on  the  parameter, 
«,  Two  chain  ladders  occur  for  w  =  3  and  recent  suscepti¬ 
bility  and  l/7ir  measurements  by  Azuma  et  al.  [15]  and 
Kitaoka  et  al.  [16]  confirm  this  expectation  of  a  large  spin 
gap.  Curiously  a  substantial  discrepancy  exists  between  the 
spin  gap  values  found  in  XsiT)  (co(Tr)  400  K)  and  l/TiT 
{(jo(tt)  ^  700  K)  which  is  unexplained  [16].  The  latter  value 
is  closer  to  the  single  ladder  value  of  J jl  but  substantial 
coupling  between  the  Cu2 03-planes  along  the  c-axis  should 
reduce  the  value  of  the  spin  gap. 

A  key  prediction  of  the  analysis  of  the  ladder  structures 
is  that  ladders  with  even  and  odd  numbers  of  legs  behave 
differently.  This  is  seen  most  clearly  in  the  limit  J 

where  odd  numbers  reduce  at  low  energies  to  single  S  - 
\fl  chains  with  an  effective  exchange,  /gff.  The  DMRG 
calculations  of  Noack  et  al  [9]  on  large  systems  showed 
the  clear  difference  between  1-  and  3-chain  ladders  which 
are  gapless  and  2-  and  4-chain  ladders  which  have  finite 
spingaps.  Azuma  et  al.  [15]  also  measured  Xs(T)  in  the  n  = 
5  compound  Sr2Cu305  and  found  a  finite  value  as  T  0, 
Recent  fjSR  measurements  found  an  AF  ordering  transition 
at  Tn^SOK  [16]. 

A  number  of  other  cuprates  have  ladder  structure.  The 
(La2Cu04)„La2Cu407  family  of  compounds  [20]  contains 
ladder  structures  but  also  other  Cu^"^  sites  which  are  only 
weakly  coupled  magnetically  and  so  dominate  Xs(T).  Re¬ 
cently  Batlogg  et  al.  [21]  used  a  subtraction  technique  to 
isolate  the  ladder  contributions  and  to  identify  a  spin  gap 
«  //4  in  the  4-chain  ladders  and  gapless  behavior  in  the 
5-chain  ladders. 


2.2.  Hole  doped  systems 

The  addition  of  hole  carriers  forming  mobile  low  spin 
Cu^'^-ions  is  described  by  the  t-J  model  (/f  =  +  i/y) 

which  is  equivalent  to  the  strong  coupling  limit  of  the  Hub¬ 
bard  model.  The  kinetic  energy  for  holes  gives  the  term 


Ht  =  -t  Y,  +  h  e.) 

j.a.G 

-  t  '^(Pc)i^Cjr^P  +  h.c.)  (3) 

jo- 

with  a  projection  operator  P  which  prohibits  double  occu¬ 
pancy. 

In  the  large  J±  limit,  the  addition  of  a  hole  breaks  one 
of  the  singlet  bonds.  In  effect  a  single  electron  with  an 
unpaired  spin  enters  the  bonding  state  of  a  rung  and  gains 
an  energy,  -t.  The  bonding  (antibonding)  states  are  created 
by  operators 

ej,b{a}.(T  ^ 

and  a  singlet  electron  pair  on  the  yth  rung  is  created  by 

(5) 

The  hole  propagates  along  the  ladder  a  matrix  element  (t/l) 
leading  to  a  simple  dispersion  law.  In  this  limit  the  proper¬ 
ties  of  the  hole  are  similar  to  those  of  a  hole  in  any  non¬ 
magnetic  insulator  with  spin  1/2  and  charge  \e\  and  an  en¬ 
ergy  minimum  at  the  zone  boundary  kx  =  ±tt,  [7].  In  the 
isotropic  limit  J±  ^  J  and  J  <  t,  the  unpaired  spin  and 
charge  are  no  longer  confined  to  the  same  rung  and  simul¬ 
taneously  the  dispersion  relation  is  modified  by  n.n.n.  and 
longer  range  hops.  The  result  is  that  the  minimum  energy 
of  a  hole  moves  away  from  the  zone  boundary  and  at  the 
same  time  the  bonding  and  antibonding  bands  start  to  over¬ 
lap  [7].  These  developments  are  consequences  of  the  high 
magnetic  polarizability  of  the  insulator  in  this  case.  For  ex¬ 
ample,  the  hole  dispersion  relations  in  the  channels  which 
are  even  (odd)  under  reflection  about  the  center  line  of  the 
ladder  (i.e.  the  bonding  (antibonding)  hole  states)  can  be  fit 
with  the  forms  [22]  (t  =  b,  a) 

eT(kx)  =  -h  +  arcosikx)  +  ^tCos(2A:x) 

+  YrCosiSkx)...  (6) 

For  J  =  tjl  the  coefficients  determined  by  diagonalizing  a 
(2x10)  ladder  are  (in  units  of  t) 

el  -  -0.865;  =  .26;  pb  =  0. 19;  Yb  == -1 X  10“^ 

=  -0.79;  =  -0.31;  pa  =  0.225;  =  -11  x  10”^^  ^ 

It  is  instructive  to  compare  this  dispersion  relation  to  the 
band  structure  for  non-interacting  electrons,  which  has  over¬ 
lapping  bonding  and  antibonding  bands 

€T(kx)  ==  -2t  coskx  +  t  (8) 

At  half-filling  the  chemical  potential  is  exactly  at  zero  energy 
and  the  bonding  (antibonding)  bands  intersect  the  Fermi 
energy  at  wavevectors,  kpb  =  ±27t/3  and  kfa  =  ±Tr/3  re¬ 
spectively.  The  occupied  regions  of  the  bands  closely  resem¬ 
ble  the  central  portion  of  hole  bands  described  by  eqn  (6). 
In  other  words  the  /:-space  dispersion  of  a  single  hole  in 
the  t-J  ladder  looks  more  like  a  metal  with  a  large  Fermi 
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surface  than  a  semiconductor.  Note  the  bandwidth  scales 
with  J  not  the  band  structure  value,  r.  ARPES  measures  in 
principle  the  dispersion  relation  upon  removing  an  electron 
(or  injecting  a  hole)  and  it  would  measure  in  this  case  an 
apparent  large  Fermi  surface  although  the  starting  mate¬ 
rial  is  an  insulator  with  no  broken  symmetries  which  would 
change  the  size  of  the  Brillouin  zone.  The  insulating  nature 
of  the  parent  state  would  show  up  clearly  if  we  tried  to  in¬ 
ject  an  electron  (i.e.  do  a  BIS  experiment).  This  is  of  course 
impossible  at  low  energies.  This  contrast  is  an  example  of 
the  interesting  duality  between  metallic  and  semiconducting 
properties. 

The  one  particle  spectral  function  Aj^o-ifcx,  co)  (= 
TT~^lmGr,a{kxf  oo))  Can  also  be  calculated  in  the  presence 
of  two  holes  in  a  2  X  10  ladder  which  mimics  a  finite 
hole  density  [22].  In  this  case  there  is  a  finite  weight  for 
adding  electrons,  but  a  clear  asymmetry  shows  up  if  we 
integrate  over  kx.  The  equivalent  of  the  angle  integrated 
one  particle  density  of  states  N(io)  (=  (27r)“^ 

A-r^crikx,  to))  has  a  width  --  At  mostly  due  to  incoherent 
states  for  CO  <  A*  but  only  a  width  of  U  for  co  >  fj.  The 
magnitude  of  N(co)  is  approximately  equal  so  that  the 
sum  rules,  N(co)d(x)  -  rig  and  N(a})d(jo  =  Irih  (the 
electron  and  hole  number  respectively),  are  satisfied  by  the 
large  asymmetry  in  the  effective  width.  Thus  although  the 
ARPES  Fermi  surface  appears  large,  the  strong  correlation 
condition  restricts  the  width  in  energy  to  add  electrons 
and  so  reduces  the  weight  of  the  quasiparticle-quasihole 
excitations  by  a  factor  of  rih  at  small  hole  doping. 

The  ground  state  of  the  two-hole  t-J  ladder  is  a  singlet  [7, 
22].  An  examination  of  the  hole-hole  correlation  function 
shows  binding  at  large  /x  which  extends  down  to  isotropy 
and  values  /x  =  J  —  tl3.  The  excitation  spectrum  in  the 
charge  (S  =  0)  and  spin  (5'  =  1)  channels  are  quite  different. 
In  the  charge  channel  there  is  a  collective  mode  with  zero 
excitation  energy  in  the  long  wavelength  limit,  kx  ^  0.  This 
mode  is  simply  the  sound  mode  of  the  system.  At  short 
wavelengths  the  weight  in  the  density-density  correlation 
function  is  concentrated  at  high  energies  of  the  order  of 
several  times  t  and  is  due  to  local  excitations  of  the  hole  in 
the  polarizable  medium. 

An  energy  gap  however  is  maintained  in  the  spin  channel, 
but  there  are  now  new  kinds  of  spin  excitations.  In  addi¬ 
tion  to  the  magnon  mode  which  evolves  continuously  with 
doping,  the  presence  of  bound  hole  pairs  gives  rise  to  new 
quasiparticle  excitations  in  which  the  holes  are  placed  on 
widely  separated  rungs  and  the  accompanying  spins  are  in 
a  triplet  configuration.  At  large  the  energies  of  these  two 
excitations  are  quite  distinct  with  values  J±-J  and  /x  -  2t 
respectively.  The  spin  gap  i.e.  the  lowest  S  =  \  excitation, 
is  now  determined  by  the  2  quasiparticle  excitation  and  so 
is  discontinuous  upon  doping.  Similar  behavior  occurs  at 
isotropy  and  J  1 13  although  now  the  two  types  of  exci¬ 
tation  interact.  There  is  an  important  difference  in  weight 
between  the  two  types  of  excitations  since  the  number  of 
quasiparticle  excitations  is  strictly  limited  by  the  hole  num¬ 


ber  whereas  the  magnons  evolve  continuously  as  «/,  —  0. 
This  shows  that  the  magnon  excitations  are  not  collective 
excitations  of  the  quasiparticles.  The  RVB  insulator  differs 
from  a  standard  insulator  in  its  magnetic  polarizability  due 
to  the  magnon  modes  and  these  are  responsible  for  the 
change  in  the  /c-space  dispersion  of  the  quasiparticles. 

The  presence  of  a  spin  gap  and  collective  sound  modes 
as  the  only  low  lying  excitations  are  typical  of  a  Luther- 
Emery  liquid  rather  than  the  Tomanaga-Luttinger  liquid 
that  usually  occurs  in  ID  models  with  repulsive  interac¬ 
tions  [11].  The  low  energy  properties  of  Luther-Emery  liq¬ 
uids  are  determined  by  a  strong  coupling  fixed  point,  which 
Efetov  and  Larkin  [23]  described  of  a  liquid  of  bosons.  In 
the  present  case  the  Efetov-Larkin  bosons  are  hole  pairs. 
The  exponent  Kp  governing  the  density  and  superfluid  cor¬ 
relations  has  been  calculated  by  Tsunetsugu  et  al  [11]  and 
in  the  parameter  region  of  interest  for  cuprates  (7x  =  /  « 
r/3),  Kp  w  0.5.  The  density  correlations  of  the  E-L  bosons 
are  longer  range  than  the  superfluid  correlations.  This  re¬ 
sult  agrees  with  DMRG  calculations  by  White  et  al  who 
reported  explicit  calculations  of  these  correlation  functions 
for  a  Hubbard  model  [10]. 

One  point  of  interest  is  that  the  holes  are  paired  essen¬ 
tially  in  the  ^/-wave  channel,  with  pairing  amplitude  having 
opposite  signs  along  the  legs  and  rungs  of  the  ladder.  This 
form  was  predicted  by  the  mean  field  calculations  of  Sigrist 
et  al  [6]  and  confirmed  in  the  DMRG  calculations  of  White 
et  al  [10].  Explicit  calculation  of  the  Gorkov  pairing  order 
parameter  for  two  holes  in  a  10  X  2  ladder  also  confirm  the 
essential  ^/-wave  character  of  the  hole  pairs  [22], 

Lightly  doped  ladders  are  explicit  examples  of  a  tZ-wave 
RVB  state.  They  behave  as  dilute  fermion  systems  with  a 
strong  attraction  in  the  ^Z-wave  channel  but  simultaneously 
the  high  magnetic  polarizibility  modifies  the  Zr-space  dis¬ 
persion  which  has  a  form  resembling  the  overlapping  and 
partially  filled  bands  one  obtains  in  a  bandstructure.  The 
result  is  an  intriguing  combination  of  features  associated 
with  a  dilute  attractive  fermion  gas  and  a  metallic  liquid 
with  a  large  Fermi  surface. 


3.  LESSONS  FOR  TWO  DIMENSIONS 

Isolated  ladders  can  be  analyzed  reliably  and  accurately 
and  a  clear  picture  of  the  properties  of  the  undoped  and 
lightly  doped  systems  follows.  However  it  is  also  of  interest 
to  relate  these  results  to  2D,  i.e.  an  infinite  plane  described 
by  the  t-J  model.  In  the  undoped  case  the  situation  is  clear. 
The  short  range  RVB  groundstate  of  the  two-chain  ladder  is 
fundamentally  different  than  the  groundstate  of  the  planar 
Heisenberg  model  which  has  long  range  AF  order.  Thus  if 
we  consider  the  crossover  between  a  set  of  coupled  ladders 
and  the  isotropic  plane,  there  will  be  a  critical  interladder 
coupling  7'  at  which  the  minimum  magnon  energy  drops 
to  zero.  7'  ~  is  a  quantum  critical  point,  separating  the 
spin  liquid  and  AF  ordered  phases  [1 1]. 
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The  doped  systems  however  may  be  different  since  there 
is  considerable  evidence  a  ^/-wave  RVB  state  is  the  stable 
ground  state  in  2D  for  a  range  of  Jjt  and  hole  concen¬ 
tration,  «/,.  As  a  result  one  expects  a  smooth  crossover 
from  coupled  ladders  to  the  isotropic  2D  limit.  There  are 
grounds  to  postulate  such  a  smooth  crossover.  For  example, 
Tohyama,  Horsch  and  Maekawa  [24]  recently  contrasted 
the  behavior  of  the  density-density,  N(q,  co)  and  spin-spin 
S(q,  co)  correlation  functions  as  calculated  for  a  finite  ID 
chain  and  a  finite  2D  cluster.  They  concluded  that  the  key 
features  that  characterize  a  Luttinger  liquid  could  be  clearly 
seen  in  the  chain  results  but  were  not  present  in  the  2D  clus¬ 
ter.  Recently  Troyer  et  al  [22]  compared  the  2-chain  ladder 
results  for  N(q,  co)  and  S(q,  co)  and  also  found  a  marked 
difference  to  Luttinger  liquid  behavior  but  a  strong  simi¬ 
larity  to  the  2D  cluster  results.  This  supports  the  idea  of 
a  smooth  crossover  at  finite  hole  doping.  There  is  a  pro¬ 
viso  however,  namely  the  cluster  results  may  result  from  the 
boundary  conditions  which  strongly  favor  total  singlet  states 
and  thus  may  not  be  representative  of  the  infinite  plane. 
Nonetheless  the  qualitative  comparison  found  by  Troyer  et 
al  [22]  is  support  for  the  existence  of  a  (f-wave  RVB  ground- 
state  for  the  infinite  plane. 

Turning  to  experiment,  there  is  an  intriguing  similarity 
between  the  spin  gap  found  at  low  hole  doping  of  the  two- 
chain  ladder  and  spin  gap  found  experimentally  in  under¬ 
doped  cuprates.  Elsewhere  in  this  volume,  Millis  et  al  [25] 
argue  that  the  spin  gap  has  a  strong  empirical  correlation 
with  the  occurrence  of  bilayers  in  the  structure  and  they 
propose  a  magnetic  origin  for  the  spin  gap  based  on  in¬ 
terlayer  pairing  due  to  the  magnetic  coupling  between  the 
bilayer  planes.  Examining  this  proposal  from  the  present 
point  of  view,  then  the  key  question  is  whether  interplane 
coupling  will  stablize  the  magnon  and  so  drive  the  system 
through  the  quantum  critical  point  required  for  the  tran¬ 
sition  between  AF  order  and  a  spin  liquid  with  finite  spin 
gap.  From  the  present  viewpoint  it  is  hard  to  see  how  the 
interlayer  magnetic  interaction  can  be  the  driving  force.  In¬ 
terlayer  coupling  at  least  in  the  undoped  system  enhances 
the  bandwidth  of  the  magnon  and  therefore  should  drive 
the  minimum  magnon  energy  down  in  energy  and  so  act  to 
destabilize  rather  than  stabilize  the  spin  liquid  phase.  This 
leads  us  to  look  for  a  different  mechanism  to  stabilize  the 
spin  liquid  phase. 

As  we  remarked  earlier,  the  spin  gap  phase  of  the  two- 
chain  ladder  has  powerlaw  order  in  both  the  CDW  and 
singlet  superconductivity  (SS)  correlation  functions  corre¬ 
sponding  to  the  tendencies  to  crystalline  and  superfluid  or¬ 
der  of  the  E-L  bosons,  i.e.  the  hole  pairs.  This  supersolid 
behavior  that  occurs  in  the  one  dimensional  ladders  could 
be  extended  also  to  the  2D-planes.  Tsunetsugu  et  al  [11] 
discussed  the  crossover  from  ladders  to  planes  for  the  t-J 
model  in  terms  of  the  competition  between  CDW  and  SS  as 
the  interladder  coupling  is  increased.  A  key  point  is  whether 
the  E-L-bosons  (hole  pairs)  attract  or  repel  between  lad¬ 
ders  and  concluded  that  in  the  interesting  parameter  regime 


(J  -  r/3)  they  repel  so  that  the  CDW  form  would  be  a  crys¬ 
tal  of  hole  pairs.  Quantum  fluctuations  however  will  tend 
to  destabilize  a  hole  pair  crystal  but  interlayer  Coulomb  in¬ 
teractions  in  a  bilayer  should  enhance  the  tendency  to  form 
CDW.  This  in  turn  suggests  an  interpretation  of  the  appear¬ 
ance  of  a  spin  gap  as  a  sign  of  enhanced  CDW  fluctuations. 
Certainly  if  the  CDW  were  to  effectively  break  up  the  plane 
into  weakly  coupled  magnetic  clusters,  then  spin  gap  would 
reflect  the  great  stability  of  a  singlet  or  5'  =  0  groundstate. 
This  idea  is  speculative  but  would  be  worth  pursuing. 


4.  CONCLUSIONS 


The  flexibility  of  cuprate  chemistry  gives  rise  to  many 
possible  structures  intermediate  between  single  CUO4- 
chains  and  2D-Cu02-planes.  It  opens  up  new  avenues  to 
explore  and  can  give  us  new  insights  into  strongly  corre¬ 
lated  electron  systems.  In  particular  ladders  with  an  even 
number  of  legs  or  chains  are  well  defined  model  systems 
which  on  the  one  hand  give  us  new  theoretical  insights  into 
the  c/-wave  RVB  state  and  on  the  other  hand  may  possibly 
be  realized  experimentally. 
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DISTINGUISHING  HIGB-Tc  THEORIES 
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Abstract— A  number  of  experiments  suggest  that  the  gap  in  the  high-temperature  superconducting  cuprates 
has  dominantly  symmetry.  Assuming  that  this  is  the  case,  we  discuss  what  this  tells  us  about  the 

basic  pairing  mechanism  and  examine  how  one  might  distinguish  between  different  theories  which  predict 
a  d^2^yi  gap. 


Many  different  experiments  on  the  high-temperature  cuprate 
superconductors  can  be  understood  if  the  dominant  mo¬ 
mentum  dependence  of  the  gap  on  the  Fermi  surface  has 
dx2-yi  symmetry  [1-3].  Suppose  then,  for  this  discussion,  we 
assume  that  the  gap  has  dx2-y2  symmetry.  What  does  this 
tell  us  about  the  basic  pairing  mechanism?  Why  are  there 
still  so  many  different  possible  theories?  How  might  the  dif¬ 
ferent  theories  be  distinguished? 

From  the  BCS  equation  [4] 

0) 


it  is  clear  that  the  momentum  dependence  of  the  gap  reflects 
the  momentum  dependence  of  the  pairing  interaction  . 
For  example,  within  this  framework,  the  electron-phonon 
interaction  (with  co„  =  (2n+  l)7Tr  and  coy  the  usual  Mat- 
subara  frequencies) 


^\Spp' 

(CO„  -  CO„'  )2  +  y 


(2) 


is  approximated  by  its  zero  frequency  strength 


Vpj/  « 


__  '2,\gppf  P 
COp_y 

[o. 


\€p-€p'\  <  COo 
\€p  -€p'\>  COo 


(3) 


for  energy  transfers  \ep-€p/\  less  than  a  typical  phonon  fre¬ 
quency  COo.  The  dominant  phase  space  contributions  come 
from  large  momentum  transfers  where  both  \gpj/  \  and  co^-y 
are  slowly  varying.  In  this  case  the  solution  of  the  BCS  gap 
equation  for  a  nearly  spherical  Fermi  surface  has  the  simple 
j-wave  form 


Ao,  \€p  -  £y  I  <  COo 

0,  Up  “  fy  I  >  ^0. 


(4) 


Alternatively,  if  the  pairing  interaction  for  a  two- 
dimensional  Hubbard  model  doped  near  half-filling  is 
approximated  by  the  Berk-Schrieffer  [5]  RPA  form 


ksF  ® 


3 

2 


-  p'>  -  W ), 


(5) 


Fig.  1.  Momentum  dependence  of  0)  for  a  nearly  antiferro¬ 
magnetic  system. 


and  peaks  at  large  momentum  transfer  as  shown 

in  Fig.  1,  one  finds  that  the  gap  is  well  approximated  by  the 
form 


A;,  =  —(cospx  -  cos py).  (6) 

The  basic  difference  from  the  electron-phonon  case  is  that 
the  spin-fluctuation  interaction,  Eqn  (5),  is  positive  and 
strongly  momentum  dependent,  increasing  in  strength  at  large 
momentum  transfers  for  p  -  p'  near  (ix,  tt).  Thus  while  the 
real-space  Fourier  transform  of  the  phonon-mediated  inter¬ 
action,  Eqn  (2),  corresponds  to  a  short-range  interaction 
which  is  attractive  due  to  retardation,  the  real-space  Fourier 
transform  of  Fsf  leads  to  an  interaction  which  has  the  spa¬ 
tial  structure  shown  in  Fig.  2.  This  interaction  is  repulsive 
on  site  but  attractive  on  near-neighbor  sites  and  has  an  ex¬ 
tended  spatial  structure  [6]  arising  from  the  momentum  de¬ 
pendence  of  Ksf.  a  similar  picture  of  the  interaction  is  seen 
in  Monte  Carlo  calculations  [7];  however,  these  are  typically 
carried  out  at  temperatures  of  order  J,  and  it  is  not  known 
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Fig.  2.  The  spatial  Fourier  transform  of  Eqn  (5),  Fsf(^x.  -^y)  versus 
the  lattice  spacing  -Bx  for  -By  -  This  shows  the  repulsive'  on¬ 
site  and  attractive  near-neighbor  structure  of  the  effective  pairing 
interaction  which  arises  from  the  exchange  of  antiferromagnetic 
spin  fluctuations. 


Fig.  3.  The  momentum  dependence  of  Fep(^),  Eqn  (8),  for  the 
c-axis  O  phonon  mode  illustrated  in  the  inset. 


numerically  what  happens  at  low  temperature. 

The  scenario  just  described  shows  why  the  observation 
of  a  dx2^yp,  gap  forms  an  important  finding  for  theories 
[8-10]  in  which  antiferromagnetic  spin-fluctuation  exchange 
provides  the  pairing  mechanism.  However,  things  are  in 
fact  not  clear-cut.  Consider  the  electron-phonon  interaction 
arising  from  the  c-axis  vibration  of  an  O  ion  on  a  bent 
Cu-O-Cu  bond  illustrated  in  the  inset  of  Fig.  3.  In  this 
case,  the  square  of  the  electron-phonon  matrix  element  for 
momentum  transfer  p  -  p'  -  q\s 


and 


V,^{q) 


2\giq)V 


(JOo 


(9) 


were  positive,  the  momentum  dependence  of  V^piq)  would 
look  a  lot  like  Fsf-  In  fact,  a  calculation  [11]  using  Eqn 
(8)  shows  that  this  type  of  electron-phonon  interaction 
favors  dx2^y;2  pairing.  Recently  Litvinchuk  and  Kulic  [12] 
have  argued  that  Coulomb  correlation  vertex  corrections  to 
the  electron-phonon  interaction  reduce  the  strength  of  the 
phonon  mediated  interaction  at  large  momentum  transfers, 
and  within  a  conserving  approximation,  they  find  that  this 
enhances  dx2-^  pairing. 

Now  one  could  argue  that  there  are  other  reasons  to  be¬ 
lieve  that  it  is  the  Coulomb  interaction  between  electrons 
that  is  responsible  for  the  pairing  mechanism  in  the  high-T^ 
cuprates.  So  again,  suppose  we  assume  this  to  be  the  case. 
There  still  remain  many  choices  for  mechanisms  which  are 
compatible  with  a  dx2-^  gap.  Anderson  [13]  has  proposed 
an  interlayer  pair  transfer  mechanism  which  can  support 
whatever  symmetry  is  generated  by  the  in-plane  interactions. 
The  spin-bag  mechanism  of  SchriefFer  et  al  [14]  is  consistent 
with  a  dx2-^  gap  on  a  large  Fermi  surface.  Various  gauge 
RVB  theories  [15-17]  lead  to  a  gap  with  dx2^^  symmetry. 
Thus  while  antiferromagnetic  spin-fluctuation  theories  pre¬ 
dict  a  dx2-yp.  gap,  there  are  a  number  of  alternative  theories 
which  give  rise  to  dx2-^  gaps. 

Clearly  one  needs  further  constraints,  and  certainly  the 
normal  state  as  well  as  superconducting  state  transport 
properties  provide  such  constraints.  However,  it  appears 
possible  to  fit  various  transport  properties  to  different  the¬ 
ories,  so  that  it  is  important  to  look  for  specific  tests.  One 
class  of  measurements  that  could  provide  a  way  of  distin¬ 
guishing  different  theories  involves  studying  the  frequency 
dependence  of  the  gap.  For  the  traditional  low-temperature 
superconductors,  the  frequency  dependence  of  the  gap  re¬ 
flected  in  tunneling  I-V  characteristics  as  well  as  the  con¬ 
ductivity  0-1  (co),  when  combined  with  neutron  scattering 
data  on  the  phonon  density  of  states,  provided  detailed  ev¬ 
idence  that  the  pairing  in  these  materials  was  mediated  by 
the  exchange  of  phonons  [18,19].  For  the  cuprates,  tunnel¬ 
ing  measurements  [20]  along  with  the  single-particle  spec¬ 
tral  weight  A(p,(i3)  obtained  from  ARPES  [21]  should  pro¬ 
vide  information  on  the  frequency  dependence  of  the  gap. 
Then  with  both  the  momentum  and  frequency  dependence 
of  A(p,  co),  one  would  hope  to  have  a  clearer  picture  of  the 
momentum  and  energy  structure  of  the  pairing  interaction. 

For  example,  if  the  basic  mechanism  involves  the  sin¬ 
gle  exchange  of  a  spin-fluctuation,  Eqn  (5),  one  would  ex¬ 
pect  to  see  the  frequency  structure  in  Imx(^.  co)  reflected 
in  co).  Within  a  conserving  approximation,  x 
effective  interaction,  Eqn  (5),  has  the  form 


Fep(^) 


2|g(g)P  _  2|gP 

coo  Mcoo 


^COS^  y  +  COS^  y  ^  (8) 


X^q,  UOm) 

1  -  Uxo(q,co„)’ 


(10) 


has  the  momentum  dependence  shown  in  Fig.  3.  Thus 
Fep(^)  becomes  less  negative  at  large  momentum  transfers. 
If  an  on-site  repulsive  U  term  were  added  so  that 


with 


Xo(q.  COm)  =  -^  X 
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Fig.  4.  The  real  (solid)  and  imaginary  (dashed)  parts  of  A(p,  co) 
versus  co  calculated  within  a  conserving  fluctuation  exchange  ap¬ 
proximation  for  the  two-dimensional  Hubbard  model. 


Fig.  5.  The  imaginary  part  of  the  irreducible  magnetic  susceptibility 
vs  CO  for  ^  =  (tt,  tt)  ai  T  =  Tc  (solid  curve)  and  T  =  0.38  Tc 
(dashed  curve)  (from  Ref.  [22]). 

+  Fip  +  q,U)n  +  co„)).(ll) 

Thus  xo  depends  self-consistently  upon  A(p,  co)  through 
the  G  and  F  propagators.  Figures  4  and  5  show  results 
[22]  for  A(p,  cjo)  and  Imxo(^,  with  q  =  (n,  n),  respec¬ 
tively,  in  which  one  sees  this  interplay.  When  the  gap 
opens,  the  low-frequency  spectral  weight  in  Imxo(^.  co)  de¬ 
creases  and  a  peak  appears.  This  can  occur  for  a 
gap  since  A;,+(Tr,7T)  =  -A;,,  and  the  coherence  factor  ^(1- 
Ap+qAplEp+qEp)  associated  with  quasi-particle  pair  produc¬ 
tion  goes  to  unity.  This  peak  in  Imx(^,  co).  Fig.  5,  is  in  turn 
reflected  in  the  structure  of  A(p,  co)  shown  in  Fig.  4.  In 
this  framework,  the  peak  in  the  neutron  spin-flip  scattering 
[23-25]  from  YBCO  observed  at  41  Mev  for  q  =  (tt,  tt,  tt) 
should  produce  structure  in  d//dK  and  v4(p,  co)  for  co  ~ 
41  Mev  -\-  Ao,  where  Ao  is  the  antinode  dx2^yi  gap  value. 
However,  if  the  basic  interaction  involves  the  cross-exchange 
of  two  or  more  spin-fluctuations  as  in  the  spin-bag  model 
or  is  associated  with  an  RVB  or  magnetic  bipolaron  mecha¬ 
nism,  one  would  expect  that  structure  in  Imx(^.  would 
be  washed  out  in  A(p,  co)  because  multiple  spin-fluctuations 
would  be  involved. 

In  addition  to  the  frequency  structure  in  A(p,  co),  the 


T/Tc 


Fig.  6.  Quasi -particle  decay  rate  due  to  spin-fluctuation  and  unitary 
impurity  scattering.  The  symbols  are  results  for  determined 
from  the  microwave  conductivity  experiments  by  Bonn  et  al  ([26]). 

frequency  and  temperature  dependence  of  the  quasi-particle 
lifetime  provides  information  on  the  dynamic  properties  of 
the  basic  interaction.  Microwave  conductivity  [26]  as  well 
as  Hall  thermal  conductivity  measurements  [27]  show  that 
the  quasi-particle  scattering  rate  decreases  with  tem¬ 
perature  below  Tc  in  much  the  same  manner  as  the  decrease 
in  the  nuclear  spin-lattice  relaxation  time  T\ .  Calculations 
of  this  lifetime  provide  a  dynamic  test  for  different  theories. 
Figure  6  shows  results  for  calculated  [28]  using  the 
spin-fluctuation  interaction  Fsf,  Eqn  (5),  with  x  calculated 
for  a  dxi-;^  gap  using  Eqns  (10)  and  (11).  For  a  d^i-y^  gap, 
this  leads  to  an  inelastic  spin-fluctuation  scattering  rate  that 
varies  as  at  low  temperatures,  similar  to  the  behavior  of 
the  nuclear  relaxation  rate  Tf  ^  The  results  shown  in  Fig. 
5  for  contain  both  an  inelastic  spin-fluctuation  piece  as 
well  as  an  elastic  unitary  impurity  contribution.  The  latter 
becomes  dominant  for  T I  Tc<  0.25.  In  this  problem,  con¬ 
trary  to  the  usual  Eliashberg  electron-phonon  case,  there 
are  strong  feedback  effects  which  arise  from  the  fact  that 
the  same  electrons  that  form  pairs  are  also  responsible  for 
the  spin  fluctuations  in  X-  Calculations  of  the  quasi-particle 
lifetime  or  more  generally  the  single-particle  spectral  weight 
remain  to  be  carried  out  for  some  of  the  other  models. 
It  will  be  interesting  to  see  the  differences  in  the  dynamic 
predictions  for  theories  that  predict  a  d^i-y;!  momentum  de¬ 
pendence  of  the  gap.  The  frequency  dependence  of  A(p,  co) 
as  well  as  the  regular  part  of  the  single-particle  self-energy 
should  help  distinguish  between  various  high  Tc  theories. 
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Abstract— The  physical  origin  of  two  effects,  i.e.  shadow  bands  and  three  peaked  energy  spectra  in  the 
ARPES  and  inverse  photoemission  spectra  of  strongly  correlated  electron  systems,  such  as  the  cuprates,  are 
discussed.  Shadow  bands  arise  from  quasi  elastic  exchange  Bragg  scattering  from  residual  antiferromagnetic 
spin  correlations  in  the  paramagnetic  phase.  Three  peaked  energy  spectra  arise  as  a  superposition  of  the 
central  Landau  quasi  particle  peak  of  the  weakly  correlated  system  and  the  upper  and  lower  band  peaks 
split  by  the  SDW  and/or  Mott  Hubbard  pseudo  gap  2A  of  the  strongly  correlated  system.  The  coexistence  of 
these  three  resonances  is  explained  in  terms  of  quasi  particles  propating  in  a  medium  with  I.{k,  to)  exhibiting 
strong  anomalous  dispersion,  i.e.  multiple  fermionic  modes  for  fixed  k. 


The  spectral  function  ^(k,  to)  governing  photo-  and  in¬ 
verse  photoemission  in  antiferromagnets,  like  superconduc¬ 
tors,  is  qualitatively  different  from  that  in  weakly  correlated 
metals  in  that  two  peaks  at  quasi  particle  energies  ±E\i_  = 
+  Ak  occur  in  the  energy  distribution  for  fixed  k  in  the 
former  while  a  single  Landau  quasi  particle  peak  occurs  at 

in  the  latter.  Furthermore,  because  of  Bragg  exchange 
scattering,  the  antiferromagnet  (AF)  exhibits  quasi  particle 
states 

yL  =  WkCicr  +  25VkCk+Q5  (particle-like) 

yls  =  VkCks  ”  25MkCk+Q5  (hole-like)  (1) 

which  are  linear  combinations  of  the  Landau-like  states, 
where  k  is  inthe  first  magnetic  Brillouin  zone,  Q  is  the  AF 
wavevector  and  s  -  the  spin  quantum  number  along 
the  AF  sublattice  direction.  Thus,  for  fixed  binding  energy 
£k,  one  has  electron  emission  with  momenta  k  and  k  +  Q 
(“magnetic  umklapp”)  with  relative  intensities  and  t^.  In 
contrast,  in  fermi  liquids  electron  emission  occurs  only  at 
k  (except  for  crystal  lattice  umklapp  at  k  +  G,  where  G  is 
a  reciprocal  crystal  lattice  vector). 

AF  spin  fluctuation  systems,  with  spin  correlation  length 
Ls  and  characteristic  frequency  coo,  were  shown  by  the 
present  authors  to  exhibit  novel  spectral  features  ^(k,  co) 
in  both  the  momentum  and  energy  distributions,[l]  namely: 

(1)  for  fixed  energy  co,  broadening  magnetic  umklapp 
beams  occur  in  photoemission  andare  centered  around 
k  +  Q,  with  integrated  intensity,  mL where  Q  is  mag¬ 
netic  reciprocal  lattice  vector  of  the  ordered  AF,  and 

(2)  for  fixed  k,  three  peaks  occur  in  the  energy  distribution 
corresponding  to  the  coexistence  of  the  split  peaks 
±E\,  of  the  ordered  AF  phase  plus  the  Landau  peak 
of  the  fermi  liquid  phase. 

The  magnetic  umklapp  effect,  i.e.  presence  of  spectral 


weight  for  k  not  only  in  the  first  magnetic  Brillouin  zone 
(MBZ)  is  termed  the  shadow  band  effect.  With  an  impres¬ 
sive  experimental  setup  this  shadow  band  effect  (i)  has  re¬ 
cently  been  reported  in  room  temperature  ARPES  exper¬ 
iments  on  the  cuprate  superconductor  5/2212.[2,3]  While 
shadow  band  effects  are  clear  from  the  physical  point  of 
view,  less  clear  is  how  a  Landau  quasi  particle  peak  (admit¬ 
tedly  of  small  spectral  strength)  survives  well  into  the  spin 
fluctuation  (SF)  regime,  where  the  SF  frequency  coo  is  small 
compared  to  2A  and  band  tails  into  the  pseudo  gap  are 
small.  The  explanation  of  this  phenomenon  is  given  below 
in  terms  of  anomalous  dispersion.  This  situation  is  analo¬ 
gous  for  the  acoustic  modes  of  an  organ  pipe  containing  a 
driven  sound  mode. 

Beginning  with  the  ordered  AF,  the  mean  field  energy 
bands  are  plotted  in  Fig.  la  in  the  reduced  zone  scheme. 
Fig.  lb  in  the  extended  zone  scheme,  and  in  Fig.  Ic  the 
periodic  zone  scheme.  It  is  the  latter  representation  which 
smoothly  connects  with  the  SF  regime.  To  illustrate  this 
point,  we  plot  the  AF  bands  as  a  function  of  Bloch  mo¬ 
mentum  k  (labelling  the  cus  of  the  non-magnetic  crystal 
schematically  as  opposed  to  the  magnet  eigenstate  “Neel 
momentum”)  labelling  yk  in  the  ordered  AF.  The  shading 
of  the  lines  represents  the  spectral  weight  at  each  k  and  co, 
namely 

4=5^1  +  y)  (upper  band) 

=  ^1  -  ^)  (lower  band)  (2) 

with  Mk  2^Bd  plotted  in  Fig.  Id. 

Working  with  a  periodic  Kondo  or  spin  fermion  model 

^  ==  X  X  '  S' 

fcr  i 
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Fig.  1 .  Energy  bands  in  the  SDW  state  along  the  zone  diagonal  kx  =  kyin  (a)  the  reduced  magnetic  Brillouin  zone,  (b)  the  extended  first 
Brillouin  zone,  and  (c)  the  repeated  zone  scheme.  In  (c)  the  shading  of  the  lines  represents  their  relative  spectral  weight.  The  dashed 
line  indicates  the  expected  dispersion  in  the  spin  fluctuation  phase  without  long  range  magnetic  order,  (d)  Spectral  weight  functions 

M^O  and  v^(k)  along  the  zone  diagonal. 


or  alternatively  with  a  one-band  Hubbard  model,  and  as¬ 
suming  a  simple  model  form  of  the  spin  propagator 


o)  +ek 


(6) 


iqy-Qy)^+T^ 


v2  +  iS 


Tzdv  (4) 


the  authors  found  the  electron  self-energy 

=  |^x(q-v)Gb(k-q,a)-v)  (5) 


shows  anomalous  behavior  compared  to  that  of  a  conven¬ 
tional  fermi  liquid;[l]  examples  are  shown  in  Fig.  2.  In  Eq. 
(4)  r  is  the  inverse  of  the  spin-spin  correlation  length  and 
the  frequency  distribution  function  g(a))  is  chosen  linear  up 
to  a  characteristic  SF  cutoff  frequency  cjoq.  The  prefactor 
a(r)  normalizes  the  area  of  the  Lorentzians  around  the  AF 
wavevectors  to  unity.  The  authors  showed  why  these  results 
are  very  insensitive  to  the  form  of  so  long  as  x  is 

strongly  peaked  about  q  Q  and  cuo  is  small  compared  to 
the  fermionic  pseudo  gap  2A,  as  for  the  MMP"^  forms  of  X- 
In  the  AF  phase,  the  mean  field  self-energy  is 


as  shown  in  Fig.  3a.  ek  is  the  tight  binding  dispersion  for 
the  noninteracting  electrons,  e.g.  €k  -  -2t  {coskx  +  cos^_p) 
for  the  square  lattice.  The  divergence  of  Z  at  €k  pushes  up 
energy  states  above  £k  and  pushes  down  states  below  £k- 
This  is  the  cause  of  the  gap  2A,  as  in  a  superconductor. 
In  contrast,  in  a  fermi  liquid,  Z  typically  depends  weakly 
on  k  and  Z  has  a  negative  slope  near  the  chemical  poten¬ 
tial  p  =  0  as  shown  in  Fig.  3b,  pushing  down  high  energy 
states  and  up  low  energy  states  near  co  =  0;  i.e.  a  mass 
enhancement  lm\.  The  remarkable  result  that  both  fea¬ 
tures  are  simultaneously  present  in  this  antiferromagnetical 
metal  spin  fluctuation  phase,  as  shown  in  Fig.  3c,  although 
the  negative  slope  near  co  =  0  extends  only  tothe  charac¬ 
teristic  spin  fluctuation  energies  ±coo  significant  strength 
(spectral  weight)  exists  only  for  k  near  kf,  i.e.  \k  -  kfl  < 
(jOo/Vf,  where  vf  =  IVekUf. 

Since  the  poles  of  G(k,  co)  give  the  quasi  particle  energies, 

(k,  co)  =  60  -  ek  -  ^{k,  co)  -  0  (7) 

it  appears  from  Fig,  3c  that  five  peaks  would  appear  in 
A{k,w)  for  fixed  k.  It  is  readily  seen  that  poles  labelled  2  and 
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Fig.  3.  (a)  Real  part  of  the  mean-field  self-energy  in  the  SDW  state.(b)  Typical  shape  for  the  frequency  dependence  of  !R2  in  a  Landau 
fermi  liquid,  (c)  Modified  shape  of  in  the  spin  fluctuation  regime.  Indicated  in  the  figure  are  the  intersections  of5RS  with  co  -  €k 

for  k  ~kf  determining  the  peak  energies  of  the  spectral  function. 


OO-jJ. 

Fig.  2.  The  real  part  of  the  one-loop  self-energy  calculated  with  the 
model  susceptibility  Eq.  (4)  for  the  parameter  sets  as  indicated  in 
the  figure.  Energies  are  measured  in  units  of  the  hopping  amplitude 
t  for  the  tight  binding  dispersion  on  a  square  lattice.  i(k,  co)  has 
been  calculated  on  a  108  x  108  lattice  for  a  momentum  k  along  the 
diagonal  of  the  Brillouin  zone  (i.e.  kx  =  ky);  k  has  been  chosen 
as  the  momentum  closest  below  kp  along  the  zone  diagonal. 

4  are  heavily  damped  and  contribute  only  to  the  incoherent 
background,  while  poles  1  and  5  are  the  AF  lower  and  upper 
bands  and  pole  3  is  the  Landau  peak,  whose  weight  23  is 
extremely  small  for  Lj  »  a  =  1  (the  crystal  lattice  spacing). 

Therefore,  in  addition  to  the  shadow  contours  in  A(k,(X>) 
for  fixedo)  there  is  also  a  novel  structure  in  the  binding 


energy  distribution  at  fixed  momentum  k.  In  essence,  the 
single  peak  Landau-like  spectrum  for  very  short  Ls  crosses 
over  to  the  two-peak  spectrum  of  the  ordered  SDW  in  a 
smooth  manner.  Namely,  rather  than  the  Landau  peak  at 
Ck  splitting  into  two  peaks  at  the  energies  -  ±^6^+^ 
of  the  energies  of  the  SDW  phase  we  found  that  the  jE*^ 
peaks  grow  out  of  the  incoherent  background  of  the  Landau 
spectrum,  while  the  Landau  peak  continues  to  exist  but  with 
strongly  reduced  weight.[l] 

The  corresponding  evolution  of  the  spectral  function 
^)  as  calculated  from  the  model  susceptibility  Eq. 
(4)  for  a  specific  parameter  set  is  demonstrated  in  Fig.  4. 
The  density  of  states  (DOS)  which  follows  from  the  momen¬ 
tum  integration  of  the  spectral  functions  is  shown  in  Fig. 
5.  Remarkably,  once  the  chemical  potential  has  moved  into 
the  energy  range  near  the  top  of  the  valence  band  for  in¬ 
termediate  and  small  T  =  1  /L^  a  peak  in  the  DOS  appears 
close  to  ju,  quite  similar  to  what  is  found  in  the  numerical 
studies  of  the  2D  Hubbard  model.[5,6] 

Of  course,  in  a  complete  analysis  of  a  microscopic  SF 
model  the  dynamical  spin  susceptibility  x(q»  would  have 
to  be  determined  self  consistently  from  the  model.  Ls  would 
diverge  for  the  AF  parent  compound  forju  =  0  and  ^  would 
be  negative  for  finite  Ls  and  coo  >  0  in  the  hole  doped 
material.  Both  Ls  and  (J  would  have  a  model  specific  de¬ 
pendence  on  the  doping.  Nevertheless,  it  has  proven  to  be 
instructive  to  varyL^,  coq  and  ^  independently  as  a  test  for 
the  sensitivity  of  i4(k,  co)  to  each  of  these  parameters. 

In  numerical  simulations  for  the  2D  Hubbard  model  the 
chemical  potential  has  been  found  to  move  very  rapidly  with 
hole  doping  from  ^  =  0  in  the  AF  insulator  at  half-filling 
into  the  energy  range  of  the  former  SDW  valence  band.[5] 
We  therefore  have  analyzed  the  electronic  spectrum  which 
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r=0^-2.3  (XU.r=4.,o)Q=0.5  r=l.,4=~2.3  (XU)“=4.,a)Q=0.5 


Fig.  4.  Frequency  dependence  of  the  spectral  functions  A{k,  co  -  p)for  the  same  parameter  set  as  in  Fig.  2.  The  figure  shows  the 
evolutionwith  decreasing  spin-spin  correlation  length  Ls  =  l/F  from  the  two-peak  structure  of  the  SDW  state  (dotted  line)  and  to 
the  three-peak  structure  at  Ls  =  20  (dashed  dotted  line),  and  to  the  Landau  like  single  peak  spectrum  at  =  1  (solid  line).  In  the 
intermediate  case(dashed  line)  the  chemical  potential  is  located  in  the  energy  range  ofthe  remnant  structure  of  the  valence  SDW  band. 


Fig.  5.  Densities  of  states  for  the  same  parameter  sets  as  in  Figs.  1,2,  and  3  showing  the  evolution  with  increasing  spin-spin  correlation 
length  to  the  pseudogap  structure  at  large  Ls.  For  the  three  different  parameter  sets  the  electron  densities  are  0.59  (solid  line), 0,71 

(dashed  dotted  line),  and  0.98  (dotted  line),  respectively. 


followsfrom  the  self-energy  Eq.  (5)  for  the  situation  of  a 
rapidly  moving  /i  at  low  hole  doping  under  the  assumption 
that  fairly  long  range  AF  correlations  [i.e.  a  small  T  in  the 
model  susceptibility  Eq.  (4)]  still  persist.  This  motivates  the 
specific  choice  of  parameters  used  in  the  calculations  for 
Figs.  2,4,  and  5. 

Clearly,  the  correlation  of  T  with  fj  determines  the  dop¬ 
ing  window  in  which  the  three-peak  spectrum  is  realized. 
Specifically,  for  the  2D  Hubbard  model  the  doping  win¬ 
dow  around  half-filling  for  the  three-peak  structure  must 
be  tiny.  For  the  small  lattice  sizes  explored  so  far  in  numer¬ 
ical  simulation  studies  the  three-peak  spectrum  may  be  not 
observable,  since  on  the  small  lattices  already  a  single  hole 
represents  a  doping  concentration  of  afew  percent  and  the 
three-peak  spectrum  may  be  inaccessible.  Our  phenomeno¬ 


logical  model  analysis  is  therefore  not  in  conflict  with  the 
numerical  simulation  studies  forthe  2D  Hubbard  model. 

The  situation  is  different  for  the  observability  of  the 
shadow  band  effect  (i)when  ARPES  spectra  are  scanned  in 
momentum.  Figure  6  shows  the  k  dependence  along  the  Bril- 
louin  zone  diagonal  at  a  fixed  frequency  (binding  energy) 
below  the  chemical  potential  for  the  same  parameter  set  as 
used  above.  Only  a  single  Landau  like  quasiparticle  peak  is 
visible  when  the  magnetic  correlation  length  is  comparable 
to  the  lattice  spacing,  i.e.  for  F  =  1.  The  additional  shadow 
peak  rises  with  increasing  Ls  at  a  large  momentum  above  kp 
due  to  the  magnetic  umklapp  effect  described  above  mixing 
momentum  states  |k)  and  |k  +  Q).  Note,  however,  that  in 
the  case  of  the  three-peak  spectrum  the  central  small  weight 
quasiparticle  peak  does  not  have  a  shadow  structure  in  the 
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Fig.  6.  Spectral  functions  ^(k,  co  -p)  for  a  fibced  frequency  below  the  chemical  potential  plotted  as  a  function  of  momentum  k  along 
the  diagonal  of  the  Brillouin  zone.  For  the  Landau  like  spectrum  [solid  line  in  Figs,  (a)  and  (b)]  only  a  single  peak  appears  in  the 
ARPES  spectrum.  However,  for  sufficiently  long  range  spin  correlations  [dashed  line  in  (a)]  a  shadow  peak  with  smaller  weight  appears 
at  larger  momentum  above  kp  besides  the  dominant  quasiparticle  peak.  Note  that  no  shadow  structure  of  the  Landau  peak  appears 
in  the  three-peak  spectrum  (dash-dotted  line  in  Fig.  (b),  compared  also  with  Fig.  4  for  the  same  parameter  set). 


momentum  dependence  of  the  spectral  function. 

Thus,  one  sees  that  the  persistence  of  Landau  peak  well 
into  the  spin  fluctuation  phase,  Lj  1,  and  its  coexistence 
with  the  Mott-Hubbard-Slater  upper  and  lowerbands  is  sim¬ 
ply  understood  in  terms  of  quasi  particles  propagating  in 
a  highly  dispersive  medium,  in  that  Z(k,  co)  has  a  pole  at 
0}  =  Ck.  This  property  leads  to  multiple  zeros  of  G“‘  (k,  co) 
with  nonzero  residues  of  G  (fermion  quasi  particlemodes) 
just  as  several  (boson)  modes  of  sound  occur  for  given  qin 
superfluid  "^He.  Details  will  be  provided  in  a  forthcoming 
paper. 
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Abstract — I  review  recent  work  on  magnetic  dynamics  of  the  high  temperature  superconductors  using  a 
model  that  combines  two  weakly  interacting  species  of  low-energy  excitations:  the  antiferromagnetic  spin 
waves  which  carry  spin-1  and  no  charge,  and  Fermi-liquid-like  quasiparticles  which  carry  spin-1 /2  and 
charge  e.  The  model  allows  conversion  of  spin  waves  into  electron-hole  pairs;  however,  the  low-energy  spin 
waves  are  not  collective  modes  of  the  quasiparticles  near  the  Fermi  surface,  but  rather  are  a  separate  branch 
of  the  low-energy  spectrum.  With  certain  experimentally  justified  assumptions,  this  theory  is  remarkably 
universal:  the  dependence  on  the  detailed  microscopic  Hamiltonian  and  on  doping  can  be  absorbed  into 
several  experimentally  measurable  parameters.  The  z  =  1  theory  of  the  insulators  and  z  =  2  theory  of  the 
overdoped  materials,  are  both  reproduced  as  limiting  cases  of  the  theory  described  here,  which  predicts  that 
the  underdoped  materials  remain  in  z  =  1  universality  class  at  sufficiently  high  temperature.  This  theory 
provides  a  framework  for  understanding  both  the  experimental  results  and  microscopic  calculations,  and  in 
particular  yields  a  possible  explanation  of  the  spin  gap  phenomenon.  I  also  discuss  some  of  the  important 
unresolved  issues. 


1.  INTRODUCTION 

The  evolution  of  the  normal  state  properties  of  the  high 
temperature  superconductors  with  doping  is  schematically 
described  by  the  phase  diagram  in  Fig.l .  The  stoichiometric 
insulators  La2Cu04  and  YBa2Cu306  undergo  an  antifer¬ 
romagnetic  transition  at  TJv,  and  exhibit  short-range  anti¬ 
ferromagnetic  correlations  well  above  Upon  doping  by 
more  than  several  per  cent  strontium  or  oxygen,  these  sys¬ 
tems  become  metallic  and  no  longer  have  a  long-range  an- 
tiferromagneticorder,  but  short-range  magnetic  correlations 
remain.  It  is  universally  agreed  that  the  normal  state  prop¬ 
erties  of  this  metallic  state  are  far  from  the  conventional 
metallic  behavior,  and  the  term  “strange  metal”  has  been 
coined  to  describe  them.  Some  of  the  key  properties  of  the 
“strange  metal”  are:  (i)  short-range  antiferromagnetic  cor- 
relationSjSeen  by  NMR  and  neutron  scattering;  (ii)  both  the 
resistivity  and  the  uniform  magnetic  susceptibility  increase 
as  the  temperature  increases;  (iii)  some,  but  not  all,  of  the 
materials  exhibit  a  suppression  of  the  low-frequency  spec¬ 
tral  weight  for  magnetic  excitations  for  7  <  T*  --  150X 
(spin  gap).  At  higher  doping,  the  normal  state  properties 
become  increasingly  similar  to  the  Fermi  liquid  (FL)  behav¬ 
ior  with  short-range  antiferromagnetic  correlations.  While 
Landau  Fermi  liquid  theory  in  the  orthodox  sense  requires 
temperature-independent  spin  correlations,  the  temperature 
dependence  is  weak  in  YBa2Cu307  and  other  fully  doped 
materials,  where  close  proximity  of  the  FL  state  is  evident. 

High-temperature  superconductivity  occurs  in  the  inter¬ 
mediate  strange  metal  phase  in  Fig.l.  Currently,  there  is  no 
consensus  regarding  the  precise  microscopic  Hamiltonian 
of  this  phase.  In  what  follows,  I  describe  a  theoretical  ap¬ 
proach  to  this  problem  which  bypasses  the  missing  informa- 


Fig.  1.  A  phase  diagram  of  the  high-temperature  superconduc¬ 
tors  as  a  function  of  doping  and  temperature.  In  the  limit  of 
zero  doping,  the  insulating  parent  materials  develop  a  long-range 
Neel  order  and  their  low-energy  excitation  spectrum  has  only  one 
species  of  excitations  —  the  spin  waves.  The  overdoped  materials 
at  low  temperatures  exhibit  Fermi-liquid-like  properties;there,  the 
quasiparticles  are  the  only  species  of  low-energy  excitations.  We 
attempt  to  understand  the  properties  of  the  intermediate  “strange 
metal”  phase,  where  superconductivity  occurs,  by  combining  the 
excitations  found  in  the  extreme  doping  limits,  namely  the  spin 
waves  and  the  quasiparticles,  and  allowing  spin  waves  to  convert 
into  electron-hole  pairs. 

tion  about  the  microscopic  Hamiltonian  by  assuming  con¬ 
tinuous  evolution  of  the  low-energy  magnetic  and  charge 
excitation  spectrum  between  the  antiferromagnetic  insula¬ 
tor  and  the  Fermi  liquid  phases,  through  the  intermediate 
strange  metal  phase  (see,  e.g.  [1-6],  and  references  therein, 
and  relevant  earlier  work  [7-10]). 


2.  NEARLY  ANTIFERROMAGNETIC  FERMI  LIQUID 

The  approach  of  Refs.[l-6]  is  based  on  combining  the 
low-energy  excitations  encountered  in  the  two  extreme  dop¬ 
ing  limits  in  Fig.l:  the  undoped  antiferromagnetic  insula¬ 
tors  where  the  low-energy  excitations  are  spin  waves,  and 
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the  overdoped  limit  where  the  low-energy  excitations  are  the 
usual  Fermi  liquid  quasiparticles.  I  emphasize  that  such  an 
approach  makes  no  explicit  assumptions  about  the  micro¬ 
scopic  Hamiltonian,  and  also  it  makes  no  assumptions  re¬ 
garding  the  mechanism  through  which  the  two  types  of  low 
energy  excitations  are  formed.  Instead,  the  theory  is  based 
on  the  premise  that  at  low  energies,  the  spectral  weight  of  the 
system  is  shared  between  the  spin  waves  and  the  quasipar¬ 
ticles,  and  that  the  primary  interaction  mechanism  is  spin 
wave  to  electron-hole  pair  conversion.  A  microscopic  basis 
for  this  theory  is  provided  by  the  mean-field  spin  density 
wave  (SDW)  calculations,  described  in  [5]. 

The  presence  of  the  first  species  of  low-energy  excitations, 
the  quasiparticles,  is  evident  from  photoemission  experi¬ 
ments.  Such  quasiparticles  at  low  energies  must  be  similar 
to  the  quasiparticles  of  the  Landau  Fermi  liquid  theory,  and 
carry  both  charge  e  and  spin  5=1/2,  in  order  to  account 
for  the  sharp  quasiparticle  peak  near  the  Fermi  energy,  ob¬ 
served  in  photoemission.  The  quasiparticles  are  gapless  and 
form  a  Fermi  surface,  the  shape  of  which  is  very  impor¬ 
tant  for  the  interaction  between  the  quasiparticles  and  spin 
waves. 

The  other  species  of  low  energy  excitations,  the  spin 
waves,  are  the  only  low-energy  modes  in  the  antiferromag¬ 
netic  insulators  La2Cu04  and  YBa2Cu306.  Below  TV,  the 
spin  waves  are  gapless,  and  in  small-^  limit  have  a  linear 
spectrum  vOq  ^  cq  and  a  mean-free  path  that  is  longer  than 
the  wavelength.  When  elevated  temperature  or  doping  de¬ 
stroy  the  long-range  order,  and  only  short-range  antifer¬ 
romagnetic  correlations  remain  (the  correlation  length  5  is 
finite),  the  spin  waves  are  no  longer  gapless  and  also  are 
overdamped  for  ^  <  5"^  Nevertheless,  for  larger  wavevec- 
tors  q  >  5"^  the  spin  waves  remain  nearly  the  same  as 
in  the  presence  of  long-range  order,  because  they  sample 
only  the  local  order  for  distances  of  order  wavelength  A  = 
27t/^  g,  and  a  therefore  are  nearly  insensitive  to  the  ab¬ 
sence  of  antiferromagnetic  correlations  at  distances  larger 
than  g.  The  evidence  for  their  existence  in  the  strange  metal 
phase  is  based  primarily  on  NMR  and  neutron  scattering 
measurements,  and  is  discussed  in  what  follows.  The  spin 
waves  carry  spin  5=1  and  no  charge. 

Whereas  on  the  microscopic  level  an  antiferromagnetic 
spin  wave  can  be  regarded  as  a  coherent  electron-hole  pair, 
the  contribution  from  the  quasiparticle  states  near  the  Fermi 
surface  accounts  for  only  a  fraction  of  the  total  spectral 
weight  of  the  spin  wave,  if  there  is  no  nesting.  The  spin 
waves  are  therefore  a  separate  branch  of  excitations,  rather 
than  a  collective  mode  of  low-energy  quasiparticles.  In  that 
sense,  the  theory  described  here  is  somewhat  similar  to  the 
spin-charge  separation  theory,  where  low-energy  spin  exci¬ 
tations  cannot  be  represented  as  collective  modes  of  low- 
energy  charge  excitations,  even  though  on  the  microscopic 
level  both  originate  from  electrons.  The  difference  between 
our  model  [1-6],  and  the  spin-charge  separation  picture  ap¬ 
plied  to  the  high  temperature  superconductors  [11],  is  that 
in  our  model  one  species  of  excitations  (spin  waves)  car- 


Fig.  2.  Magnetic  excitation  spectrum  of  type  (B)  model  (classifi¬ 
cation  due  to  Minis  [10]),  where  Q  =  (rr/a,  it  fa)  can  connect  two 
points  on  the  Fermi  surface.  The  minimum  of  the  spin  wave  disper¬ 
sion  =  (c^lq  -  QP  +  is  located  inside  the  electron-hole 

continuum, 

ries  only  spin,  while  the  other  (quasiparticles)  carries  both 
spin  and  charge,  therefore  there  is  charge  separation,  but 
not  spin  separation.  Recently,  Sachdev  [3]  and  Laughlin  [12] 
have  pointed  out  that  in  a  system  with  spin-charge  separa¬ 
tion,  some  of  the  spinon  and  holon  excitations  may  form 
bound  states  which  carry  both  spin  and  charge,  and  in  many 
respects  are  similar  to  conventional  quasiparticles. 

One  of  the  key  factors  that  affect  the  magnetic  and  charge 
properties  is  the  position  of  the  minimum  of  the  spin  wave 
spectrum,  Q  =  {nla^nla)  for  the  commensurate  short 
range  order  discussed  here,  with  respect  to  the  electron-hole 
continuum.  If  the  spin  wave  spectrum  is  located  inside  the 
electron-hole  continuum,  as  it  is  illustrated  in  Fig,2,  the 
spin  waves  can  convert  into  electron-hole  pairs.  This  con¬ 
version  process  becomes  the  dominant  contribution  to  spin 
wave  damping  at  low  energies,  and  has  a  profound  effect 
on  the  magnetic  properties.  In  the  classification  introduced 
by  Minis,  this  situation  is  called  model  B.  For  a  discussion 
of  the  opposite  case,  when  Q  cannot  connect  two  points  on 
the  Fermi  surface  (model  A),  see  Refs.  [10,3,5]. 

The  results  of  recent  photoemission  measurements  [13] 
indicate  that  model  B  is  relevant  to  the  Y-  and  Bi-based  high- 
temperature  superconductors.  In  what  follows,  I  concentrate 
exclusively  on  model  B. 

3.  SPIN  GAP 

The  spin  gap  behavior  is  the  suppression  of  the  low  fre¬ 
quency  spectral  weight  for  magnetic  excitations,  which  can 
be  observed  by  NMR  and  neutron  scattering.  In  the  model 
at  hand,  this  suppression  is  expected  already  in  a  very  crude 
approximation  which  treats  spin  wave  and  quasiparticle  ex¬ 
citations  as  noninteracting,  free  modes.  Below,  I  describe 
a  qualitative  picture  of  the  spin  gap  behavior  suggested  by 
Sokol  and  Pines  [2,4],  and  derived  starting  from  model  B 
by  Sachdev,  Chubukov,  and  Sokol.[5] 

In  the  non-interacting  approximation,  the  density  of 
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states  for  magnetic  excitations  is  a  sum  of  spin  wave  and 
quasiparticle  contributions.  For  frequencies  below  the  gap 
for  spin  wave  excitations,  co  <  A  =  c/§,  only  the  quasi¬ 
particles  contribute  to  the  magnetic  density  of  states.  For 
frequencies  co  >  A,  both  the  spin  waves  and  the  quasipar¬ 
ticles  contribute.  In  a  measurement  of  the  total  magnetic 
density  of  states,  for  example  in  a  NMR  relaxation  or 
neutron  scattering  measurement  at  low  temperatures,  one 
expects  to  see  a  gap-like  suppression  of  the  density  of  states 
for  magnetic  excitations  for  cu  <  A. 

Beyond  the  non-interacting  approximation,  the  lifetime 
of  spin  waves  primarily  is  due  to  their  conversion  into 
electron-hole  pairs.  Upon  increasing  doping,  the  spin  gap 
is  washed  out  by  a  combination  of  two  separate  effects: 
first,  the  spin  waves  become  overdamped  because  the  rate 
of  conversion  increases;  second,  the  gap  for  spin-wave  ex¬ 
citations  A  =  c/5  increases  as  5  decreases.  The  remaining 
spin  waves,  which  are  pushed  to  much  larger  energies,  can 
in  principle  be  seen  by  neutron  scattering.  At  least  two  re¬ 
cent  experiments  seem  to  allow  such  an  interpretation:  the 
evidence  for  the  magnetic  character  of  the  41  meV  peak  in 
YBa2Cu307  by  Keimer  et  al  [14]  and  the  observation  of  the 
zone-boundary  magnon  in  La2-xSrxCu04  by  Aeppli  et  al 
[15].  Keimer  [14]  and  Barzykin  and  Pines  [6]  have  suggested 
that  the  41meV  feature  is  a  coherent,  triplet,  electron-hole 
pair  -  in  other  words,  a  spin  wave  (several  alternative  inter¬ 
pretations  have  been  suggested  as  well).  The  zone  bound¬ 
ary  high-energy  spin  wave  (a  magnon),  which  continuously 
evolved  from  the  identical  mode  in  the  insulator,  seems  to 
be  the  only  viable  interpretation  of  Aeppli’s  measurements; 
however,  this  data  is  very  preliminary  [15]. 


4.  UNIVERSAL  THEORY  OF  MAGNETIC  DYNAMICS 

In  this  section,  I  describe  recent  work  by  Sachdev, 
Chubukov,  and  Sokol  [5],  where  the  universal  behavior  of 
the  magnetic  correlations  near  Q,  and  of  the  bulk  sus¬ 
ceptibility,  was  calculated  using  the  rate  of  the  Landau 
damping  of  spin  waves  as  an  input  parameter.  Several 
important  assumptions  about  the  microscopic  model  are 
built  into  this  theory.  First,  we  limit  our  study  to  systems 
with  short-range  order  at  T  =  0.  The  region  at  low  doping 
where  the  long  range  Neel  order  exists  at  T  =  0  requires 
separate  consideration.  Second,  we  require  that  there  is 
no  nesting,  i.e.  the  areas  of  the  Fermi  surface  that  are 
adjacent  to  the  points  connected  by  Q,  are  not  parallel  to 
each  other.  The  photoemission  measurements  [13]  show 
that  this  is  the  case  in  Y-  and  Bi-based  superconductors. 
Third,  we  assume  that  there  is  no  substantial  q-,  co-,  and 
T-dependence  of  the  Landau  damping  for  |q  “  Q|  ^  1/5 
and  CO  --  A,  respectively.  This  assumption  is  more  difficult 
to  verify  experimentally;  it  holds  in  mean  field  theory  on 
the  disordered  side  if  the  correlation  length  is  large  enough. 

Under  these  assumptions,  the  additional  damping  due 
to  the  spin  wave  to  electron-hole  pair  conversion  can  be 


included  into  the  theory  by  inserting  its  rate  T  into  the 
noninteracting  spin  wave  dynamical  response  function  (a 
similar  expression  was  introduced  by  Barzykin,  Pines,  Sokol, 
and  Thelen  [16]  on  phenomenological  grounds): 


x(q. 


const 
Co2  -  Co2 


const 

w^-  co^  -  /cor' 


(1) 


where  the  spin  wave  spectrum  for  finite  5  (short-range 
correlations)  has  the  following  form: 


£0,  =  ^£^|q-QP+A2,  A  =  c/t  (2) 


The  exact  dynamical  susceptibility  of  the  model  is  ob¬ 
tained  by  calculating  the  effects  of  mutual  scattering  of  spin 
waves,  primarily  the  additional  damping,  on  x(q.  co)  given 
by  Eq.(l).  When  the  Landau  damping  processes  dominate 
dissipation,  the  result  of  such  a  calculation  differs  only 
slightly  from  Eq.(l). 

With  these  assumptions,  the  dynamical  magnetic  suscep¬ 
tibility  near  the  staggered  wavevector,  Iq  -  Q|  is 

given  by: 


X(q,  (^)  = 


Z 

T-n 


dq^QI 


CO  A 


(3) 


and  the  temperature-dependent  part  of  the  uniform  mag¬ 
netic  susceptibility,  by: 


X«(7’)-x.(r  =  0)  =  (1  +  c£')^<I.„(|£).  (4) 

Here,  of'  is  a  non-universal  constant,  both  and  4>„  are 
universal  and  computable  functions  of  their  arguments,  and 
r;  is  a  universal  critical  exponent  which  is  very  small  and 
for  all  practical  purposes  can  be  replaced  by  zero. 

Eqs.(3,4)  apply  when  all  dimensionful  parameters  and 
variables  are  smaller  than  the  respective  lattice  cutoffs,  which 
roughly  translates  into  the  following: 


CO,  r.  A,  r  min(7,  Ef),  5  ^  Iq  ~  Ql  ^  (5) 


where  J  is  the  exchange  constant,  Ef  the  Fermi  energy, 
and  a  the  lattice  spacing.  If  the  conditions  (5)  apply,  the 
magnetic  dynamics  near  Q  depends  on  four  dimensionful 
parameters,  two  of  which  describe  the  spin  wave  spectrum 
(c  and  A),  one  is  set  by  the  size  of  spin  (Z),  and  one  is 
determined  by  the  rate  of  the  Landau  damping  (T).  The 
temperature-dependent  part  of  the  bulk  susceptibility,  which 
adds  to  the  Pauli  term,  is  also  universal  up  to  the  overall 
prefactor  1  +  a'. 

For  a  low-energy  theory  this  number  of  parameters  is  not 
excessive  because  they  include  all  the  information  about  the 
material  that  is  reflected  in  its  magnetic  behavior.  Three  of 
them  are  the  overall  scales  of  magnetic  moment,  distance, 
and  energy,  and  are  therefore  unavoidable  in  any  low-energy 
theory;  determination  of  these  three  parameters  from  the 
experimental  data  is  straightforward  and  is  a  matter  of  sim¬ 
ple  normalization.  The  fourth  parameter  serves  as  the  single 
crossover  variable  which  describes  the  evolution  from  the 
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Fig.  3.  Evolution  of  at  T  =  0  as  a 

function  of  the  dimensionless  crossover  parameter  T/A.  The  un¬ 
derdoped  materials  YBazCusOe.es  YBa2Cu408  are  in  regime 
(b),  and  have  z  =  1.  The  same  applies  to  Lai.85Sro.i5Cu04  at 
high  temperatures;  at  low  temperatures,  some  modifications  of  the 
theory  due  to  the  incommensurability  of  short-range  order  are 
necessary.  The  fully  doped  material  YBa2Cu307  is  in  regime  (c), 
and  has  z  =  2. 


scaling  behavior  of  the  insulators  (the  dynamical  exponent 
2  =  1)  to  that  of  the  overdoped  materials  (z  =  2).  One  of 
the  key  results  of  [5]  is  that  there  is  only  one  such  crossover 
parameter.  Here  the  dynamical  exponent  z  relates  temper¬ 
ature  dependences  of  the  characteristic  frequency  scale  for 
magnetic  correlations,  o),  and  the  characteristic  length  scale 
(the  correlation  length,  5)- 

CO  ~  (6) 

Fig.3  illustrates  the  evolution  of  zero  temperature  mag¬ 
netic  properties  with  doping  on  the  example  of  the  local 
dynamical  magnetic  susceptibility: 

(7) 

which  shows  a  gradual  crossover,  observed  as  a  function 
of  r/A,  from  z  -  1  regime  (T/A  1  [1,2,5])  to  z  =  2  regime 
(T/A  ^  1  [9,10]).  The  crossover  between  z  =  1  and  z  =  2 
regimes  at  low  temperature  is  expected,  and  observed  ex¬ 
perimentally,  as  doping  increases;  in  the  universal  theory,  a 
similar  crossover  is  also  expected  at  a  fixed  doping  as  the 
temperature  increases;  it  is  however  not  observed  experi¬ 
mentally  because  scaling  fails  altogether  when  at  high  tem¬ 
peratures  the  correlation  length  becomes  very  short,  §/a 
2  (Barzykin  and  Pines  [6]).  The  z  =  2  phase  shows  a  fur¬ 
ther  crossover  to  the  Landau  Fermi  liquid  when  A^/T  be¬ 
comes  larger  than  w  or  T.Fig.S  describes  the  sequence  of 
crossovers  observed  as  T/A  increases. 

4.1.  z=l  limit  (T/A^  \) 

The  limit  T/A  =  0  and  A  >  0  corresponds  to  an  insulator 
with  short-range  antiferromagnetic  correlations  at  T  =  0 
(Fig.3a).  Such  an  insulator  has  a  true  energy  gap  A  because 
creating  any  combination  of  excitations  (spin  waves  which 
have  a  gap)  above  the  ground  state  requires  a  finite  energy, 
hence  xl  (co  <  A)  =  0.  While  this  limit  has  no  direct  rele¬ 
vance  to  the  cuprate  oxide  insulators  (which  develop  Neel 


long-range  order  at  T  =  0  and  have  gapless  spin  waves),  it 
helps  to  understand  the  behavior  of  the  underdoped  mate¬ 
rials  where  Y/A  ^  The  effect  of  small  doping  is  shown 
in  Fig.3b:  Xl(^^)  becomes  finite  for  all  co,  but  it  remains 
much  smaller  for  co  <  A  compared  to  co  >  A.  The  gap 
which  existed  for  T/A  =  0  transforms  into  a  knee-like  fea¬ 
ture  at  CO  --  A  for  r/A  1.  This  behavior  reproduces  the 
essential  features  of  the  spin  gap  observed  in  some  of  the 
underdoped  high-temperature  superconductors. 

At  high  temperatures  J  »  A,  the  behavior  of  T/  A  ^  1 
underdoped  system  is  similar  to  that  of  the  T/ A  =  0  insu¬ 
lator,  because  for  energies  co  ^  A  the  spectral  weight  of  the 
two  systems  is  nearly  the  same,  and  in  both  cases  is  domi¬ 
nated  by  the  spin  wave  contribution  (compare  Figs.3a,b).  As 
a  result,  the  magnetic  dynamics  in  this  temperature  range  is 
in  the  z  =  1  universality  class,  and  exhibits  quantum  critical 
behavior  cb  ~  A  --  T  [1,7]. 

The  NMR  measurements  in  the  underdoped  materials 
YBa2Cu306.63  (Takigawa  [17])  and  YBa2Cu408  (Imai  et  al 
[18],  Stern  et  al  [19],  and  Corey  et  al  [20])  are  consistent 
with  z  =  1  predictions  by  Sokol  and  Pines  [2]:  both  mate¬ 
rials  have  a  spin  gap  at  low  temperatures,  and  T\T j T2G  « 
const  at  high  temperatures.  In  Lai.85Sro,i5Cu04,  l/Tic  has 
not  yet  been  measured,  but  1  /Ti  at  high  temperatures  (T  = 
500  -  1000 A)  is  nearly  the  same  as  in  the  insulator  (Imai  et 
al  [21]),  and  therefore  has  to  be  dominated  by  the  spin  wave 
contribution,  which  obeys  the  z  =  1  theory.  At  low  temper¬ 
atures,  the  application  of  this  theory  to  Lai.85Sro.i5Cu04 
requires  modifications  due  to  the  incommensurability  of 
short  range  order.  According  to  the  theory  described  here, 
Lai.85Sro.isCu04  should  have  a  smaller  spin  gap  than  the 
underdoped  YBCO  materials,  which  appears  to  be  almost 
obscured  by  the  superconducting  phase  (see  Ref.[6]  for  a 
discussion). 

4.2.  z=2  limit  (T/A  ^  Ij 

Figs.  3c, d  describe  different  regions  of  the  same  frequency 
dependence  of  at  T  =  0  in  the  overdoped  case, 

where  T/A  ^  1:  (c)  corresponds  to  cu  A^/F,  and  (d)  to 
o)  AVF.  Regime  (c)  is  z  =  2  quantum  critical;  regime 
(d)  is  z  =  2  quantum  disordered,  which  is  equivalent  to  the 
Landau  Fermi  liquid.  The  theory  of  magnetic  behavior  in 
the  z  =  2  regime  has  been  developed  by  Millis,  Monien, 
and  Pines  [9]  and  Millis  [10]. 

For  temperatures  T  »  A^/F,  the  characteristic  frequency 
scale  for  magnetic  correlations  d)  ~  T  modulo  log(A/r) 
corrections,  and  the  correlation  length  is  given  by  Eq.(6) 
with  z  =  2.  In  the  opposite  limit  T  A^/F,  the  correlation 
length  is  nearly  T-independent,  as  is  expected  for  the  Landau 
Fermi  liquid. 

The  fully  doped  material  YBa2Cu307  is  in  the  z  =  2  uni¬ 
versality  class,  and  its  behavior  between  Tc  and  room  tem¬ 
perature  is  intermediate  between  the  z  =  2  quantum  criti¬ 
cal  regime  (Fig.3c)  and  z  =  2  quantum  disordered  regime 
(Fig.3d).  The  NMR  experiments  find  TiT/tIq  «  const  in 
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Fig.  4.  A  sketch  of  the  uniform  spin  susceptibility  XuiT)  in  the 
underdoped  YBCO  (solid  line),  and  the  theoretical  prediction  of 
Eq.(4)(dashed  line).  Since  Eq.(4)  is  only  valid  in  the  normal  state, 
comparisons  below  Tc  are  not  meaningful.  Above  7^,  the  experi¬ 
mentally  observed  XuiT)  increases  rapidly,  and  its  slope  is  qual¬ 
itatively  consistent  with  that  predicted  by  Eq.(4).  At  higher  tem¬ 
peratures,  the  theory  predicts  continuing  linear  increase,  whereas 
the  experimental  data  shows  saturation  at  T  ~  1 50  -  200 AT.  Fol¬ 
lowing  the  analogy  with  similar  behavior  of  Xu{T)  for  the  insu¬ 
lating  antiferromagnets  at  T  ~  0.7  -  0.97,one  may  speculate  that 
the  discrepancy  is  due  to  lattice  corrections. 

agreement  with  the  z  =  2  quantum  critical  prediction  (Imai 
et  al.  [22]);  however,  both  of  the  rates  do  not  vary  strongly 
with  temperature,  which  is  an  indication  of  the  proximity  of 
the  Fermi  liquid  phase,  where  they  saturate.  This  material 
does  not  have  a  spin  gap,  in  agreement  with  its  assignment 
as  being  in  the  z  =  2  regime. 

5.  UNIFORM  SUSCEPTIBILITY 

The  approach  of  Ref [5]  allows  one  to  calculate 
the  temperature-dependent  part  of  the  uniform  spin 
susceptibility,XM(T)  -  XuiT  -  0),  and  correctly  predicts 
that  it  monotonically  increases  as  a  function  of  T  above 
Tc,  that  its  slope  becomes  smaller  as  doping  increases,  and 
that  temperature-independent  Pauli  Xu{T)  is  recovered  in 
the  overdoped  case. 

However,  the  experimentally  observed  slope  of  XuiT) 
sharply  decreases  above  T  ~  150  -  200Ar  compared  to 
the  slope  below  this  temperature  but  above  Tc  [23,17,19], 
whereas  the  universal  theory  predicts  that  the  increase  of 
Xu(T)  continues  with  the  same  slope  (Fig.4).  One  may  spec¬ 
ulate  that  this  deviation  is  due  to  lattice  corrections;  de¬ 
tailed  calculations  must  be  performed  to  determine  whether 
or  not  this  speculation  is  correct. 

Minis,  Ioffe,  and  Monien  [24]  recently  presented  a  sce¬ 
nario  of  spin  gap  formation  based  on  spin-charge  separa¬ 
tion,  accompanied  by  singlet  pairing  of  spin-carrying  exci¬ 
tations  (spinons).  Since  holons  do  not  have  spin  and  there¬ 
fore  do  not  contribute  to  the  magnetic  density  of  states, 
the  bulk  susceptibility  must  vanish  upon  singlet  pairing  of 
spinons  at  low  temperatures.  They  went  on  to  argue  that 
the  observed  decrease  of  the  bulk  susceptibility  at  low  tem¬ 
peratures  in  underdoped  YBCO  can  only  be  explained  with 


this  scenario. 

However,  their  conclusion  relies  on  the  assumption  that 
both  Xl  (tt)  —  0,  T)  and  Xo  (^)  would  extrapolate  to  zero  at 
low  temperatures  even  without  the  superconducting  transi¬ 
tion,  a  statement  that  cannot  be  verified  experimentally.  In 
our  view  [5],  no  conclusion  can  be  drawn  from  the  experi¬ 
mental  data  on  XM(7")above  Tc  as  to  whether  at  T  0  the 
magnetic  density  of  states  without  superconductivity  would 
decrease  all  the  way  down  to  zero,  as  it  is  required  by  their 
model,  or  would  become  much  smaller  than  at  high  tem¬ 
peratures,  but  remain  finite,  as  it  is  expected  in  our  model. 


6.  UNRESOLVED  ISSUES  AND  CHALLENGES 

The  universal  scaling  theory  yields  a  qualitative  scenario 
for  the  evolution  of  magnetic  behavior  with  doping  which 
is  consistent  with  the  experiment.  It  also  has  been  very  suc¬ 
cessful  in  quantitatively  explaining  as  well  as  predicting  the 
results  of  some  of  the  experimental  measurements,  notably 
the  NMR  relaxation  rates  in  the  insulators  and  doped  ma¬ 
terials.  However,  it  fails  to  explain  the  detailed  temperature 
dependence  of  Xu(T)  at  high  temperatures.  This  failure  is 
likely  to  be  caused  by  the  lattice  corrections  in  the  broad 
sense:  the  influence  of  the  Brillouin  zone  boundary  on  q- 
integrations,  the  non-linearity  of  the  spin-wave  spectrum  at 
large  wavevectors,  bilayer  coupling  in  YBCO,  or  energy  de¬ 
pendence  of  the  Landau  damping  rate  F. 

Different  quantities  are  differently  affected  by  the  lattice 
corrections,  and  some  are  more  robust  than  others.  For  in¬ 
stance,  over  a  range  of  temperatures,  Xu  in  the  Heisenberg 
model  is  affected  by  the  lattice  corrections,  while  the  charac¬ 
teristic  frequency  cb  is  not.  Furthermore,  some  of  the  lattice 
corrections  that  do  appear,  can  be  absorbed  into  the  dimen¬ 
sionful  parameters  of  the  model,  while  the  universal  scaling 
functions  remain  nearly  unaffected[25,26].  A  detailed  study 
of  these  lattice  effects  may  allow  their  inclusion  into  a  phe¬ 
nomenological  extension  of  the  scaling  theory  to  expand  its 
range  of  applicability. 

Another  important  challenge  is  to  determine  the  precise 
role  of  bilayer  coupling,  which  is  central  to  the  scenario  of 
spin  gap  formation  by  Millis  and  Monien[27].  In  the  theory 
described  here,  the  bilayer  coupling  affects  the  dimensionful 
parameters  of  the  model,  but  does  not  affect  any  observ¬ 
ables  expressed  as  a  function  of  these  parameters,  unless  the 
size  of  bilayer  coupling  is  comparable  to  other  low-energy 
scales.  Note  that  in  our  model,  the  spin  gap  may  form  with 
or  without  bilayer  coupling,  but  it  is  enhanced  if  bilayer 
coupling  is  present. 

Finally,  it  is  very  important  to  understand  on  the  micro¬ 
scopic  level  how  the  spin  waves  and  the  quasiparticles  share 
the  spectral  weight  for  intermediate  doping,  and  in  particu¬ 
lar  the  mechanism  of  the  experimentally  observed  reduction 
of  the  Pauli  contribution  to  the  uniform  spin  susceptibility 
in  the  underdoped  case.  The  experimental  data  indicate  that 
the  spin  wave  to  electron-hole  pair  conversion  rate  is  also 
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suppressed  in  the  underdoped  materials,  which  in  the  the¬ 
ory  described  here  results  in  spin  gap  formation.  The  cause 
of  such  a  reduction  is  not  fully  understood,  and  may  be 
a  consequence  of  either  a  reduced  density  of  states  for  the 
quasiparticles,  which  is  also  seen  in  the  doping  dependence 
of  x«(T  =  0),  or  a  reduction  of  the  interaction  between  the 
two  species  which  results  from  vertex  corrections  at  large  5, 
as  suggested  by  Bonesteel  and  Schrieffer  [28]. 

Studies  of  microscopic  models  for  the  high-Tc  cuprates 
should  help  to  clarify  whether  the  experimentally  observed 
evolution  of  the  key  parameters  of  the  model  discussed 
here  is  similar  to  that  obtained  in  microscopic  calculations, 
thereby  allowing  one  to  check  the  validity  of  the  proposed 
theory. 
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Abstract — I  briefly  summarize  the  important  experimental  results  concerning  the  symmetry  of  the  super¬ 
conducting  state  in  copper  oxide  metals  and  discuss  superconducting  states  in  which  all  of  them  may  be 
mutually  reconciled. 


INTRODUCTION 

A  variety  of  experiments  touching  on  the  important  issue  of 
the  symmetry  of  the  superconducting  state  in  copper  oxides 
have  been  performed.  I  believe  the  following  experiments  are 
probably  all  correct  and  wish  to  find  the  pairing  mechanism 
which  leads  to  states  in  which  they  can  all  be  reconciled. 

(1)  Various  transport  experiments,  most  notably  the  tem¬ 
perature  dependence  of  the  London  Penetration  depth 
in  YBa2Cu307  [1]  (123),  the  magnetic  field  dependence 
of  the  low  temperature  specific  heat  [2],  all  of  which 
are  consistent  with  a  density  of  states  at  low  energies 
n{(jo)  w  in  very  pure  samples. 

(2)  The  infrared  and  Raman  scattering  experiments  as  well 
as  the  London  penetration  depth  measurements  [3] 
in  the  electron-doped  metal  Nd2~xCe;cCu04  (NCCO) 
which  do  appear  consistent  with  a  simple  BCS  expo¬ 
nential  density  of  states  at  low  energies. 

(3)  The  Josephson  experiments  [4],  which  beyond  a  rea¬ 
sonable  doubt  give  a  rr  phase  shift  between  the  a  and 
b  faces  of  123.  In  the  same  category,  is  the  ingenious 
experiment  with  tri-crystal  123  films  [5]. 

(4)  The  c-axis  Josephson  tunneling  experiment  between 
twinned  and  un twinned  samples  of  123  and  Pb  which 
finds  a  Josephson  current,  albeit  of  about  an  order  of 
magnitude  less  than  that  expected  between  two  5-wave 
superconductors  [6]. 

(5)  The  Josephson  experiments  using  grain-boundary 
junctions  between  various  faces  of  a  hexagonal  shaped 
island  of  123  cut  in  a  larger  film  of  123  which  finds 
nearly  the  same  Josephson  current  density  from  all 
faces  of  the  hexagon  [7].  Experiments  (iii)-(v)  are 
reviewed  in  Ref.  [8]. 

(6)  The  very  slow  reduction  of  Tq  with  residual  resistivity 
in  123  samples  where  resistivity  is  changed  by  radi¬ 
ation  damage  [9].  7^  approaches  0  only  for  EfT  ap¬ 
proaching  1  rather  than  At  approaching  1.  In  fact 
the  behavior  of  is  similar  to  quasi-two  dimensional 
films  of  Pb  where  with  damage  a  superconductor  to 
insulator  transition  is  found. 

(7)  The  angle  resolved  photoemission  experiments  in 
Bi2Sr2CaiCu208  (2212),  which  see  an  5-wave  symme¬ 


try  gap  function  with  nodes  [10]. 

(8)  Inelastic  neutron  scattering  experiments  in  Lai.gsSr.  15CUO4 
(124),  which  within  the  range  of  q  that  they  can  mea¬ 
sure  do  not  see,  within  their  resolution  a  ^-dependent 
diminution  of  the  particle-hole  spectrum  below  the 
superconducting  transition  [11]  at  low  energies. 

In  trying  to  find  the  superconducting  state  in  which  all  the 
above  seemingly  irreconcilable  experiments  may  be  true,  I 
am  also  guided  by  the  belief  that  the  fundamental  physics  of 
all  the  copper  oxide  metals  is  very  similar,  be  they  tetragonal 
or  orthorhombic  and  hole-doped  or  electron-doped. 


PRELIMINARIES 

(1)  A  very  important  consideration  for  the  nature  of  the 
gap  function  in  CuO  metals  is  that  the  inter-electronic 
repulsion  on  CuO  is  on  the  same  scale  as  the  band¬ 
width.  Therefore  the  pair  wavefunction  amplitude  on 
Cu-ions  should  be  0.  Taking  the  Cu  ion  in  each  cell 
as  the  origin  of  coordinates 

Hi(r=Q)=Y^{cA^)c-am)=Q  (1) 

a 

This  implies,  by  Fourier  transforming  that 

X(/^(k)  =  X(^^c.(k)c-a(-k))  =0  (2) 

k  O' 

The  pair  wave-function  should  then  be  positive  in  parts 
of  the  Brillouin  zone  and  negative  in  other  parts  and 
therefore  has  lines  or  points  at  which  it  is  zero.  q)(k) 
can  therefore  not  be  of  the  BCS  variety,  which  has  the 
same  sign  throughout  the  zone.  This  is  basically  the 
reason  why  liquid  ^He  and  heavy-fermion  supercon¬ 
ductors  are  not  simple  S-wave  superconductors. 

Note  that  the  gap  function 

A(k)  =  £(k)(//(k),  (3) 

has  nodes  where  the  pair  wave-function  does.  But  eqn 
(2)  does  not  imply  that  Xa:  unless  there  are 

symmetry  reasons  that  this  must  be  so. 
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(a) 


(b) 


Fig.  1.  (a)  Zeros  of  the  generalized  5-wave  gap  function  ~  coskx  + 
cosky,  and  (b)  ~  coskx  cosky.  Note  that  whether  or  not  there  is 
a  gapless  excitation  spectrum  depends  on  the  size  and  shape  of 
the  Fermi- surface. 


has  nodes  where  the  pair  wave-function  does.  But  eqn 
(2)  does  not  imply  that  Xjt  MIc)  =  0,  unless  there  are 
symmetry  reasons  that  this  must  be  so. 

(2)  If,  as  is  almost  certainly  the  case,  pairing  is  caused  by 
electronic  excitations  which  lead  also  to  the  anomalous 
normal  state  properties,  the  eifective  electron-electron 
interaction  is  essentially  non-retarded.  Then  the  gap 
function  over  the  complete  Brillouin  zone  must  then 
be  specified,  unlike  traditional  metals  where  it  is  non¬ 
zero  only  over  a  tiny  strip  near  the  Fermi-surface. 

(3)  A  point  of  nomenclature  only  but  rather  important 
for  a  sane  discussion  of  superconductivity  in  solids: 
When  one  speaks  of  the  symmetry  of  the  supercon¬ 
ducting  state,  one  specifies  how  the  order  parameter 
transforms  under  the  full  point  group  and  space  group 
symmetry  operations  of  the  lattice.  If  it  transforms  as 
identity,  we  may  call  it  an  5-wave.  If  we  have  a  tetrag¬ 
onal  crystal  (four-fold  rotation  axis)  and  if  it  change 
sign  under  a  Tr/2  rotation,  we  may  call  it  a  fZ-wave. 
In  an  orthorhombic  symmetry,  such  as  in  123  there 
is  no  4-fold  axis  and  no  sensible  classification  as  s  or 
J-waves.  They  will  in  general  always  be  linearly  cou¬ 
pled  and  one  cannot  in  general  be  present  without  the 
other.  It  does  however  make  sense  to  ask,  whether  it  is 
possible  to  have  a  sign  change  under  rotation  by  Tr/2 
in  orthorhombic  crystals,  if  their  physical  mechanism 
for  superconductivity  is  the  same  as  in  tetragonal  crys¬ 
tal,  and  the  latter  exhibit  5-wave  superconductivity. 

It  does  not  make  sense,  under  any  circumstances,  given 
the  points  2  and  3  above  to  classify  superconducting  states 
as  s,p,d,f,g,  etc.,  depending  on  how  many  times  the  gap 
function  changes  sign  on  the  Fermi  surface.  A  correctly 
classified  gap  function  may  change  sign  any  number  of  times 
depending  on  the  vagaries  of  the  Fermi  surface. 


CANDIDATE  STATES 

In  tetragonal  crystals  the  two  leading  singlet  supercon¬ 
ducting  states  that  meet  the  requirement  eqn  (1),  are: 


(a) 


(b) 


Fig.  2.  (a)  Zeros  of  the  c/-wave  gap  function  ~  cos^;c  -cosA:^,,  (b) 
cos2/:;c  ~cos2ky.  The  excitation  spectrum  is  always  gapless. 


Generalized  s-wave  states 

Where  the  gap  function  is  a  linear  combination  of  1, 
cos  kx  +  cos  ky,  cos  kx  cos  ky,  etc. 

Aj(k)  =  Aos  +  Ab(cos  kx  +  cos  ky)  +  A2s  cos  kx  cos  ky  (4) 

Note  that  the  first  of  these  is  allowed  because  Sa:A(/c)  is 
not  required  to  be  zero.  On  a  square  Brillouin  zone  cos  kx  + 
cosky  has  zeros  shown  by  the  dashed  lines  in  Fig.  1(a) 
and  (cos  kx  cos  ky  )  has  zeros  shown  by  the  dashed  lines  in 
Fig.  1(b).  If  the  Fermi  surface  is  small  enough,  the  gap  on 
the  Fermi  surface  never  changes  sign;  if  it  is  large  enough, 
it  changes  sign  an  even  number  of  times  in  each  quadrant 
of  the  Fermi  surface  for  any  of  these  states  or  their  linear 
combination.  The  points  of  zeroes,  needless  to  repeat,  are 
determined  not  by  symmetry  but  by  details. 

d~wave  states 

Here  the  gap  function  is  a  linear  combination  of  states 
which  change  sign  under  a  nil  rotation,  for  instance 
coskx  —  cosky,  coslkx  —  coslky,  etc.  The  zeroes  of  these 
are  shown  in  Fig.  2(a)  and  (b).  Unlike  the  generalized 
5-wave  states  the  gap  function  must  always  have  nodes  on 
the  Fermi  surface.  Depending  on  the  details  of  the  Fermi 
surface,  A  may  change  sign  any  odd  number  of  times  on 
each  quadrant. 

In  orthorhombic  crystals,  one  may  only  talk  of  the  rela¬ 
tive  admixture  of  the  two  sorts  of  states  above. 


SIMPLE  PHYSICS  OF  </-WAVE  STATES 

^/-wave  states  were  first  thought  of  in  connection  with 
heavy-Fermions  in  order  to  understand  their  transport 
properties  [12].  A  phenomenological  analysis  suggested 
that  strong  anti-ferromagnetic  fluctuations  favor  such  states 
[13].  The  same  conclusion  is  arrived  at  from  derivation  of 
the  effective  electron-electron  interaction  from  the  Hubbard 
model  in  the  random  phase  approximation  [14].  They  have 
been  extensively  discussed  in  connection  with  copper  oxide 
metals  [15].  The  physics,  in  the  limit  of  very  strong  AFM 
correlations  and  very  strong  pairing  interactions  (real  space 
pairs)  is  very  simply  described: 
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Fig.  3.  Shape  of  the  generalized  5- wave  function  (in  the  strong¬ 
coupling  limit)  in  the  Cu-O  lattice.  There  is  a  zero  of  the  pair 
wave  function  on  Cu  and  pairing  on  oxygen  and  on  neighboring 
oxygens  with  the  full  symmetry  of  the  lattice. 


Fig.  4.  The  measured  gap  function  in  2212  Ref.  [10]  compared  to 
the  generalized  5-wave  gap  AoCOs/r;cCOs/:^  (after  Norman  et  al., 
private  communication).  Note  that  this  fit  is  not  unique.  Other 
combinations  in  eqn  (4)  can  also  fit  the  data. 

On  a  square  lattice  let  there  be  strong  AFM  correlations 
at  the  TT,  TT  point; 

XiiJ.O)  ~  S(qj,-n)  S(qj,-n)  (5) 

Delete  this  text 

Transforming  to  real  space  gives  an  effective  electron- 
electron  interaction  ~  cosx  cosy.  This  is  attractive  for  x  = 
0,y=  ±TTy  and  for  jc  =  ±7t,  y  =  0  and  repulsive  for  x  =  0, 
3/  =  0  and  X  =  y.  A  real  space  pair  function  which  is  favored 
by  such  a  potential  is  x^  -y^,  i.e.  a  ^-wave  function. 

PHYSICS  OF  GENERALIZED  5-WAVE  STATES 

Extended  5-wave  states  first  arose  in  calculations  [16] 
which  derived  the  pairing  interaction  in  copper  oxide  mod¬ 


els  with  electron-electron  interactions  between  copper  and 
oxygen  ions  besides  the  local  interactions  on  copper  ions 
[17].  It  was  shown  that  such  interactions  induce  charge 
transfer  resonances  between  copper  and  oxygen  ions  which 
are  strongest  in  the  Aig  channel.  These  resonances  lead  to 
effective  electron-electron  attractions  on  oxygen  ions  and 
between  nearby  Oxygen  ions,  as  speculated  earlier.  With 
repulsion  on  copper  the  symmetry  of  the  superconducting 
pair  wave  function  is  of  the  extended  5-wave  type,  as  illus¬ 
trated  in  Fig.  3. 

The  conclusions  from  such  approximate  calculations  is 
supported  by  numerical  diagonalization  of  such  models  in 
one  dimension  to  calculate  the  asymptotic  decay  of  corre¬ 
lation  functions  [18].  Recently  a  phenomenological  model 
for  superconductive  pairing,  with  specified  local  and  nearest 
neighbor  interactions  has  been  considered  [19].  The  interac¬ 
tions  are  projected  to  the  band  of  states  crossing  the  Fermi- 
level  and  the  BCS  equation  for  the  gap  function  has  been 
solved.  The  conclusion  is  that  the  on-site  oxygen-attractions 
favor  a  5-wave  pairing  of  the  form,  cos  kx  +  cos  ky  while  the 
nearest  neighbor  attraction  favors  pairing  of  the  cos  kx  cos  ky 
form.  For  reasons  already  mentioned,  in  general  the  pairing 
will  be  a  linear  combination,  as  in  eqn  (4). 

EXPERIMENTS  AND  THE  rf-WAVE  LIKE  STATE 

Consider  an  orthorhombic  single  layer  per  unit  cell  crys¬ 
tal.  The  gap  function  may  be  written  in  general  in  the  form 

Aorthom  =  A,/,(k)  +  Adfd(n  (6) 

where  fAk)  is  preserved  in  a  ttI2  rotation  and  fd(k)  changes 
sign  under  a  7t/2  rotation.  We  will  call  a  state  a  ^/-wave  like 
state  if  Ad  ^  A^,  and  an  5-wave  like  state  if  A^  »  Ad,  with 
the  /s  normalized  so  that  their  maximum  value  is  unity. 
For  a  tetragonal  crystal,  A^  or  Ad  =  0. 

The  </-wave  like  state  is  consistent  with  experiment  (i)  of 
the  Introduction.  It  is  also  consistent  with  experiments  of 
(hi)  in  (123). 

It  is  inconsistent  with  the  experiments  (ii)  in  NCCO.  For 
an  untwinned  single  crystal,  it  is  consistent  with  experiment 
(iv)  only  due  to  a  finite  A^.  But  these  experiments  have  also 
been  done  in  a  twinned  samples  of  123  with  about  10^  twins 
in  the  tunneling  area.  One  would  then  expect  a  Josephson 
current  of  order  10“^  times  AJAd  of  the  usual  value.  A 
Josephson  current  smaller  than  the  theoretical  value  for  sim¬ 
ple  5-wave  superconductors  by  less  than  an  order  of  mag¬ 
nitude  is  found.  Although  suggestive  that  this  is  inconsis¬ 
tent  with  an  almost  c/-wave,  one  can  draw  definitive  conclu¬ 
sions  only  if  experiments  of  the  c-axis  Josephson  currents 
in  tetragonal  crystals  are  performed. 

The  almost  ^-wave  state  is  also  inconsistent  with  the 
Josephson  experiments  in  the  geometry  of  (v). 

In  relation  to  experiments  (vi),  the  usual  theory  predicts 
that  with  Ai  =  0,  Tc  0  as  the  scattering  time  t  due 
to  non-magnetic  impurities  approaches  rAipure)  «  1.  So 
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experiments  (vi)  in  123  present  a  very  serious  difficulty  for 
^/-waves.  Again  similar  controlled  damage  experiments  in 
tetragonal  samples  will  be  useful. 

The  latest  angle  resolved  photoemission  experiments  (vii) 
in  the  very  nearly  tetragonal  crystal  2212  are  not  consistent 
with  if -wave  symmetry.  They  are  in  conflict,  however  with 
conclusions  drawn  from  earlier  experiments  also  on  (2212) 
[20]. 

Some  of  the  disagreements  with  the  experiments  noted 
above,  especially  (ii),  (iv),  (v)  and  (vi)  do  not  disappear  if 
refinements  such  as  the  bi-layer  geometry  are  included  in 
the  analysis. 


EXPERIMENTS  AND  THE  5-WAVE  STATES 

The  simple  isotropic  5-wave  state  or  its  nodeless 
anisotropic  variations  is  in  conflict  with  experiments  (i), 
(iii)  and  (vii)  [21].  It  is  consistent  with  experiments  (ii)  on 
NCCO,  and  (iv)-(vi)  and  (viii)  in  hole-doped  materials.  The 
inconsistencies  are  of  a  nature  such  that  this  state  does  not 
appear  to  me  to  be  a  viable  candidate. 

The  generalized  5-wave  states  with  nodes  is  consistent 
with  experiments  under  (i),  (vi),  (v)  and  (viii).  It  is  con¬ 
sistent  with  (vi)  provided  the  relative  areas  of  the  positive 
and  negative  phases  on  the  Fermi-surface  are  very  different. 
It  is  remarkably  well  consistent  with  (vii),  the  photoemis¬ 
sion  experiment  in  (2212).  Figure  4  shows  the  experimen¬ 
tally  determined  variation  of  the  gap  in  one  quadrant  of 
the  Fermi  surface  together  with  the  gap  function  A  (A:)  = 
Aicoskx cosky)  calculated  on  the  measured  Fermi  surface. 
Only  the  coefficient  A  is  adjusted.  As  mentioned  earlier 
such  a  gap  function  arises  for  models  with  on-site  repulsion 
on  copper  together  with  nearest  neighbor  attraction  on  the 
oxygen  ions. 

Given  a  mechanism  of  superconductivity  that  produces 
generalized  5-wave  states,  one  can  get  nodeless  5-wave  state 
or  a  noded  5-wave  state  at  the  Fermi  surface  depending  on 
details  such  as  the  size  and  shape  of  the  Fermi-surface.  So, 
the  generalized  5-wave  states  may  be  considered  consistent 
with  experiments  (ii). 

5-wave  states  of  eqn  (4)  are  apparently  in  complete  con¬ 
flict  with  the  remarkable  and  undoubtedly  correct  series  of 
experiments  (iii).  These  experiments  are  all  done  on  (123) 
samples,  which  are  orthorhombic  and  have  two  layers  in 
the  c-direction  per  unit  cell.  Therefore  it  is  worth  asking 
whether  under  these  circumstances,  the  physics  that  leads 
to  a  gap  function  which  in  a  single  layer  tetragonal  crystal 
is  of  the  generalized  5-wave  type  would  give  the  observed 
results.  These  require  a  tt  phase  shift  under  Tr/2  rotation. 
Note  that  we  are  not  discussing  a  point  of  symmetry  here, 
but  a  point  of  the  plausibility  of  a  physical  scheme. 


^,ko  1,k'a  1,ko  1,k',  o 


1,-k, -a  1,-k', -a  2, -k, -a  2, -k'-o 

Fig.  5.  The  intra-layer  and  inter-layer  interactions  Vn  and  V12. 

BI-LAYERS  AND  ORTHORHOMBICITY 

Josephson  experiments  to  elucidate  the  symmetry  of 
the  superconducting  state  have  so  far  only  been  done  on 
YBa2Cu307,  which  is  both  orthorhombic  and  has  a  bi-layer 
in  the  c-direction  in  each  cell.  To  discuss  the  gap  function 
in  such  a  crystal  structure,  I  rely  on  a  recent  preprint  by 
Liu,  Levin  and  Maly  [22],  who  solved  the  gap  equation  for 
various  assumed  interactions.  Below,  I  give  a  reformulation 
relying  on  a  Ginzburg-Landau  expansion. 

In  a  bi-layer  structure  there  are,  in  general  two  sheets 
of  the  Fermi  surface  which  are  even  and  odd  in  reflec¬ 
tion.  Denote  the  two  layers  by  1  and  2  and  the  gap  on  the 
two  Fermi  surfaces,  A^  and  A^.  The  leading  terms  in  the 
Landau-Ginzburg  Free  energy  are 

+a„|A„(k)|^  +a„i?eA*(k)A<,(k)  (7) 

k 

Because  of  the  last  term,  A^  and  A^  will  always  be  non¬ 
zero  simultaneously.  Further  if  is  positive,  it  follows  that 
A^  and  A^,  are  tt  out  of  phase  at  each  angle  on  the  Fermi 
surface.  If  is  negative  Ae  and  Ao  are  in  phase 

To  determine  the  sign  of  first  note  that  time-reversed 
pairs  can  be  constructed,  in  general,  only  from  both  particles 
on  the  even  Fermi  surface  or  on  the  odd  Fermi  surface. 
Construct  general  interactions  Vee,  Voo  and  Veo,  which  can 
be  expressed  in  terms  of  the  inter-layer  interactions  Fn,  F22 
and  Fi2,  (see  Fig.  5)  as 

F,.  =  F,,  =  Fn+F22+2F,2 

F,,-Fu  +  F22-2F,2.  (8) 

The  relation  between  A^,o  and  the  pair  wave-functions  (JJe,o 
is  (schematically) 

A,  =  Vee^Je  +  Veo^pQ 

~  “k  (9) 

The  coefficients  of  the  leading  order  terms,  eqn  (7)  in  the 
free-energy  can  now  be  calculated  from  the  one-loop  dia¬ 
grams.  The  conclusion  is  that  given  an  attractive  intra-layer 
interaction  V\i  -  V22  giving  rise  to  a  generalized  5- wave 
pairing  in  a  single  layer  system,  >  0  in  a  bi-layer  sys¬ 
tem  if  the  inter-layer  F12  interaction  is  repulsive  and  |  F^  |  > 
|Fn  |.  In  that  case,  a  linear  combination  |Af.|  -  lA^I  (for  the 
special  case  ae  =  ao)  is  chosen  over  the  other,  [A^l  +  lAd. 

Consider  now  the  fourth  order  terms:  given  eqn  (8)  they 
are  of  the  following  form  only 
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|A,(k)r +6olA„(k)|^ 

k 

+  /)„ReA*(k)A„(k)(|A,(k)|2 

+  !A,{k)h.  (10) 

Suppose  the  combination  (A^(k)  -  Ao(k))  has  the  lower 
energy  from  the  quadratic  terms.  We  can  write  the  fourth 
order  terms  in  terms  of  this  state  and  the  orthogonal  com¬ 
bination  and  drop  the  latter.  Then  the  Free  energy  contains, 
besides  others,  terms  of  the  form 

fe'|j/c|c/n^|Aj(k)||A^{k)|,  y  >0.  (11) 

In  an  orthorhombic  system  Ae  and  A^  have  in  general  dif¬ 
ferent  magnitudes  along  the  principal  axes.  The  relative  ori¬ 
entation  of  Ae  and  A^  are  determined  by  eqn  (11)  and  the 
last  term  in  eqn  (7). 

Ref.  [22]  has  found  conditions  in  which  the  major  axis  of 
Ae  and  A^  are  rotated  by  Tr/2.  Under  the  above  conditions 
(Ae  -  Ao)(k)  changes  sign  under  a  Tr/2  rotation.  This  is 
enough  to  give  the  n  phase-shift  observed  in  experiments 
(iii).  With  Ae  and  A^,  of  different  magnitudes,  it  is  also 
consistent  with  experiments  (iv)  and  (v). 

FURTHER  EXPERIMENTS 

In  crystals  with  tetragonal  symmetry,  single  layer  or  mul¬ 
tilayers,  a  phase  shift  of  n  under  nfl  rotation  is  impossible 
if  the  physics  leads  to  an  5-wave  state  in  a  single  layer.  There¬ 
fore,  it  is  very  important  to  do  Josephson  experiments  of  the 
type  (iii)  for  such  crystals.  Here  the  experiments  in  corner 
junctions  [4]  should  be  distinguished  from  those  in  the  tri¬ 
crystal  junctions  [5].  In  the  former  observation  of  tt  phase 
shifts  would  be  an  unambiguous  sign  of  fif-wave  pairing;  its 
absence  would  be  an  unambiguous  sign  of  5-wave  pairing. 
The  situation  in  tri-crystal  junctions  is  a  little  more  compli¬ 
cated.  For  waves  in  a  tetragonal  crystals  the  nodal  plane 
of  the  gap  function  is  unambiguously  given  by  symmetry. 
So  one  knows  precisely  the  geometries  in  which  a  tt  phase 
shift  is  to  be  expected.  If  none  is  found,  ^/-wave  pairing  is 
ruled  out.  But  if  a  tt  phase  shift  is  found,  it  is  not  a  proof 
of  ^-waves  since  nodal  planes  are  present  in  generalized  5- 
wave  states  as  well  and  their  position  is  not  given  by  sym¬ 
metry.  More  than  one  geometry  has  then  to  be  examined 
in  the  tri-crystal  experiments  to  rule  out  5-waves.  For  this 
reason  and  because  of  the  fact  that  the  present  tri-crystal 
experiments  are  done  with  twinned  crystals  of  (123),  the 
only  definitive  conclusion  that  can  be  drawn  is  that  pairing 
functions  have  nodal  planes  crossing  the  Fermi  surface. 


For  reasons  discussed  earlier  c-axis  Josephson  experi¬ 
ments  in  tetragonal  crystals  should  be  quite  enlightening. 
The  photoemission  experiments  can  be  used  to  test  whether 
nodes  in  the  gap  function  disappear  on  degrading  the  sam¬ 
ple.  This  should  happen  for  generalized  5-waves,  but  not  for 
J- waves.  In  interpreting  the  data,  an  imaginary  part  of  the 
gap  function  must  however  be  included. 

If  pairing  is  indeed  of  the  ^/-wave  type,  satisfactory  ex¬ 
planations  must  be  found  for  some  experiments,  especially 
[4]  and  [5].  Also,  mechanisms  of  pairing  other  than  anti¬ 
ferromagnetic  fluctuations  must  be  sought.  Unlike  heavy- 
fermion  metals,  such  fluctuations  are  invisible  in  neutron 
scattering  experiments  in  YBa2Cu306.9. 
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TWO  TYPES  OF  CHARGE  CARRIERS  IN  THE  HIGH-Tc  CUPRATES 
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Abstract— It  is  shown  that  the  charge  carriers  in  the  high-Tc  cuprates  are  either  spinless  polarons  or 
anomalous  carriers  of  charge  and  spin.  The  physical  properties  of  the  cuprates  are  thus  understood,  and 
transitions  between  pair  states  of  the  two  types  of  carriers  provide  the  pairing  mechanism. 


A  microscopic  theory  has  been  worked  out  [1],  explaining 
the  anomalous  normal  state  properties  of  the  cuprates,  and 
the  occurrence  of  high- Tc  superconductivity.  Within  this  ap¬ 
proach,  the  orbitals  around  are  decomposed  into  “large- 
t/”  orbitals,  and  “small-U”  orbitals  created  by  fermion  op¬ 
erators  4(7- where  v,  a  and  k  are  band,  spin,  and  wave 
vector  indices,  respectively.  The  large- C/  states  are  treated 
by  the  “slave  fermion”  method,  within  which  a  site  i  in  a 
Cu02  plane  is  occupied  either  by  a  chargeless  spin  boson, 
created  by  ox  by  a  spinless  charged  fermion,  created  by 
ej  (“n-type”),  or  pj  (“p-type”). 

Within  a  mean-field  approach  (MFA),  the  boson 
“spinon”  excitation  energies  c^(k),  of  the  s  spins  system, 
have  a  minimum  at  k=ko,  which  is  close  to  one  of  the  four 
points  obtained  from  tetragonal  group 

operations.  If  (ko) =0  one  gets  an  antiferromagnetic  (AF) 
state,  and  if  e^(ko)>0  one  gets  a  “spin-fluctuation”  (SF) 
state,  characterized  by  AF  fluctuations,  and  stabilized  for 
sufiicient  “doping”. 

Bonding  effects  result  in  binding  between  the  e  (p)  and 
the  s  fields.  One  type  of  fermion  quasiparticles  obtained, 
referred  to  here  as  “semi-MFA  carriers”,  carry  both  charge 
and  spin,  and  hybridize  with  the  c  electrons.  Their  excitation 
energies  ef  (k)  form  quasi-continuous  ranges  of  bands.  In 
a  SF  state  a  range  of  ef(k)  bands,  of  varying  degrees  of 
bonding,  crosses  .  If  the  center  of  this  range  is  below  E^ 
aha  given  k  then  free-energy  minimization  will  introduce  to 
it  such  a  width  that  the  energies  of  minimal  bonding  may 
be  pushed  above  E^.  This  explains  the  linewidths  ^  \E-E^  \ 
observed  in  ARPES  results  [2],  and  marginal-Fermi-liquid 
like  behavior  of  generalized  susceptibilities  [1]. 

Another  type  of  fermion  quasiparticles  is  of  “spinless 
polarons”,  resulting  from  the  trapping  of  e  (p)  carriers  by 
neighboring  s  spins  and  a  local  lattice  deformation.  In  a  SF 
state  these  polarons  form  a  coherent  liquid  of  bandwidth  > 
10  meV.  Transitions  between  semi-MFA  and  polaron  states 
require  spinon  e^(k)  excitations,  and  though  both  semi- 
MFA  and  polaron  energies  are  found  very  close  to  E^,  the 
existence  of  (ko)>0  provides  a  gap  for  transitions  between 
them.  Since  a  spin-wave  excitation  consists  of  two  spinons, 
the  41  meV  excitation  peak  observed  [3]  at  k  =  ( -)  by 


neutron  scattering  in  YBa2Cu307  is  interpreted  as  26^ (ko). 
This  peak  is  strongly  damped  above  Tc  since  the  spinon  and 
semi-MFA  operators  do  not  commute  [1]. 

Processes  of  electron  emission/absorption  from/into  po¬ 
laron  states  include  the  effect  of  spinon  excitation,  and  lead 
to  excited  phonon  and  spinon  states;  thus  they  do  not  de¬ 
tect  the  narrow  polaron  band,  but  a  wider  (^0.1  eV)  spec¬ 
tral  background  [2].  Similarly,  optical  transitions  between 
polaron  states,  or  between  them  and  semi-MFA  states,  re¬ 
sult  in  the  “mid-infrared  peak”.  The  “extended  van  Hove 
singularities”  observed  near  E^,  [2]  are  interpreted  as  LDA 
saddle-point  singularities  renormalized  due  to  a  dynamic 
Jahn-Teller  effect  where  semi-MFA  states  are  coupled  to  the 
polarons.  This  amplifies  the  compatible  effect  of  AF  fluctu¬ 
ations  [4],  and  results  in  “shadow  bands”  [2]. 

The  semi-MFA  structure  explains  the  systematic  behavior 
of  the  resistivity  and  the  Hall  constant  in  the  cuprates  [1]. 
The  polarons  contribute  significantly  to  the  thermopower 
S,  Since  polarons  and  semi-MFA  carriers  do  not  mix,  their 
contributions,  and  add:  S=S^+S^.  The  polaron  con¬ 
tribution  iS"  is  identified  with  the  narrow-band  result  [5] 
which  applies  to  a  major  contribution  to  S,  One  finds  [5] 
S°=0  close  to  the  optimal  stoichiometry  of  the  cuprates, 
corresponding  to  an  occupation  of  ^50%  of  a  Cu02  plane 
by  the  polarons  [a  polaron  site  extends  over  a  number  of 
(eight  [6])  lattice  sites]  as  has  been  observed  [6]. 

Unlike  single  particles,  pairs  of  opposite-spin  semi-MFA 
carriers  and  of  spinless  polarons  can  mix  without  exciting 
spinons.  Virtual  transitions  of  a  pair  at  E^  to  an  empty  band 
close  to  it  lowers  its  energy,  and  thus  can  lead  to  pairing  [7]. 
In  Bi2Sr2CaCu208+>,,  “polaron  stripes”  were  found  [6]  in  the 
Cu02  planes  below  T*  120K.  These  stripes  are  the  result  of 
an  expected  charge  density  wave  transition  at  T*,  where  the 
narrow  polaron  band  splits,  and  at  least  one  sub-band  lies 
1 0  meV  away  from  E^ ,  serving  as  the  empty  band  for  virtual 
pair  transitions  from  the  semi-MFA  states  at  £’p.  Thus  the 
conditions  for  such  a  mechanism  are  optimally  fulfilled. 
Since  the  pairing  interaction  is  enhanced  below  T*,  one 
expects  Tcix* » resulting  in  a  Tc  equation  which  is  consistent 
with  the  “Uemura  plots”,  and  with  their  “boomerang-type” 
behavior  in  overdoped  cuprates  [8]. 
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The  charge  carriers  in  the  high-Tc  cuprates  are  shown 
to  be  either  spinless  polarons  or  anomalous  carriers  of 
both  charge  and  spin.  Their  behavior  is  consistent  with  the 
anomalous  physical  properties,  and  hybridization  between 
their  pair  states  results  in  high-Tc  superconductivity. 
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Abstract— We  have  calculated  electron  and  positron  states  in  the  Nd2-xCe;cCu04  compound,  for  the  perfect 
bulk  lattice  as  well  as  when  vacancy  defects  are  included.  We  study  the  sensitivity  of  the  results  to  different 
approximations  in  the  positron  potential.  We  also  compute  the  annihilation  rate  and  the  electron-positron 
momentum  density  using  the  local  density  approximation  and  the  newly  developed  gradient  correction  for 
the  electron-positron  contact  term.  Our  main  goal  is  to  give  predictions  for  the  Fermi  surface  signals. 

Keywords:  A.  oxides,  C.  ab  initio  calcualtions,  C.  positron  annihilation  spectroscopy,  D.  electronic  structure, 
D.  superconductivity. 


Positron  annihilation  can  be  used  to  determine  the  Fermi 
surface  and  to  monitor  electronic  structure  changes  pro¬ 
duced  by  impurities  and  defects  in  high  temperature  super¬ 
conductors  [1].  The  local  positron  annihilation  rate  A(r)  is 
treated  as  a  function  of  the  electron  density  n{r)  in  the  local 
density  approximation  (LDA)  [1].  However,  quite  generally, 
the  LDA  underestimates  the  positron  lifetime,  especially 
when  d  electrons  are  involved.  This  problem  can  be  cured 
by  the  generalized  gradient  approximation  (GGA)  for  the 
annihilation  rate  [2].  In  the  GGA,  A(r)  depends  also  on  the 
density  gradient  Vn(r)  and  the  gradient  correction  reduces 
the  annihilation  enhancement  due  to  the  electron-positron 
correlation.  Our  results  for  several  metals  and  semiconduc¬ 
tors  show  that  the  GGA  corrects  the  LDA  and  systemat¬ 
ically  improves  the  agreement  with  the  experimental  life¬ 
times.  We  believe  that  the  GGA  scheme  is  a  powerful  tool 
for  extracting  detailed  electronic  structure  information  from 
positron  annihilation  spectroscopy  in  the  high-Tc  oxides. 
Among  these  compounds,  a  good  candidate  for  probing  the 
Cu-O  planes  is  Nd2-xCe^Cu04-<5  because  several  calcula¬ 
tions  [1,3,4]  indicate  a  substantial  overlap  of  the  delocalized 
positron  wave  function  with  the  Cu-O  planes.  In  the  case  of 
this  compound,  the  effect  of  including  the  positron-electron 
correlation  in  the  positron  potential  is  small  on  the  positron 
density  distribution,  and  the  positron  charge  is  closer  to  the 
Cu-O  planes.  According  to  the  superimposed  atom  method 
with  the  LDA  positron-electron  correlation  potential,  the 
metal  ion  vacancies  bind  the  positron  strongly,  with  a  bind¬ 
ing  energy  of  1.3  eV  for  Cu  and  3.1  eV  for  Nd.  The  bind¬ 
ing  at  the  oxygen  vacancies  is  weak  especially  in  the  Cu-O 
plane.  These  trends  are  also  reflected  in  the  localization  of 
the  positron  at  the  different  vacancies.  Using  the  electron 
and  positron  densities,  we  have  calculated  the  positron  life¬ 
times  according  the  formula  given  in  ref.  [2]. 

The  bulk  lifetimes  are  131  ps  in  the  LDA  and  165  ps 


in  the  GGA.  For  the  ideal  Cu,  Nd,  01  and  02  vacancies, 
we  obtain  the  lifetimes  of  172,  199,  134,  137  ps,  in  the 
LDA,  respectively,  and  in  the  GGA,  220,  268,  170,  172  ps, 
respectively. 

The  measured  lifetimes  (204-207  ps)  [3]  are  closer  to 
that  of  copper  vacancies  (in  the  GGA),  indicating  the  pres¬ 
ence  of  these  defects  in  the  real  samples.  Their  formation 
is  thought  to  happen  through  the  rearrangement  and  mi¬ 
gration  of  metallic  ions  during  the  long  reduction  of  the 
Nd2-xCexCu04-5  crystals  [3].  Substitutional  metal  ions  (Ce) 
do  not  bind  positrons  and  they  do  not  change  the  lifetime 
significantly.  If  the  positron  is  delocalized,  the  FLAPW  and 
LMTO  calculations  indicate  that  the  Fermi  surface  signal 
should  be  experimentally  visible  [3].  The  Lock-Crisp -West 
(LCW)  folding  of  the  momentum  density  in  the  first  Bril- 
louin  zone  gives  information  about  partial  annihilation  rates 
for  different  wave-vectors.  The  amplitudes  of  the  Fermi  sur¬ 
face  signals  (for  both  LDA  and  GGA)  are  about  one  per¬ 
cent  of  the  constant  background,  if  valence  and  core  anni¬ 
hilation  are  included  (the  partial  rate  with  the  5p  Nd  core 
orbital  is  particularly  important). 

However,  the  GGA  is  more  sensitive  to  the  electronic 
structure  than  the  LDA  [2],  therefore  the  partial  annihilation 
rates  vary  more  and  the  LCW  spectrum  is  more  modulated 
(Fig.  1).  In  particular,  the  c  projection  of  the  LCW  spectrum 
calculated  with  the  GGA  shows  a  strong  local  minimum  at 
the  r  point  superimposed  on  a  cross-like  structure  due  to 
the  Cu-O  plane  Fermi  surface. 

It  is  very  encouraging  that  the  Geneva  experimental 
group  has  recently  observed  a  Fermi  surface  signal  in  the 
Nd2-xCe;cCu04-.5  [5],  which  agrees  qualitatively  with  the 
present  calculations. 
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Fig.  1.  The  Nd2-jcCe;cCu04  LCW  spectrum  calculated  using  the  GGA  (left)  and  its  diagonal  cut  (right)  shown  by  a  solid  line;  the 
dashed  line  is  the  result  of  the  LDA  calculation.  Tlie  T  point  is  in  the  middle  of  the  cross-like  structure.  The  units  for  the  wave-vectors 

are  mrad. 
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Abstract — ^We  consider  the  Ginzburg-Landau  free  energy  for  the  case  of  coexisting  s-  and  d-WQVQ  order 
parameters,  coupled  to  a  gauge  field,  for  a  system  in  which  the  minimum  energy  state  in  the  absence  of 
magnetic  fields  is  uniform  t/-wave.  The  eigenvalue  equation  arising  from  the  coupled  Ginzburg-Landau 
equations,  in  the  presence  of  a  uniform  magnetic  field,  is  implicitly  non-linear  and  has  no  obvious  closed- 
form  solution.  We  employ  a  simple  variational  two-component  wave  function  to  minimize  the  quadratic 
free  energy,  and  use  linear  combinations  of  these  wave  functions  to  construct  variational  Abrikosov  lattice 
solutions  which  minimize  the  total  free  energy.  The  resulting  lattice  has  an  oblique  structure,  similar  to  that 
observed  by  small  angle  neutron  scattering. 


The  free  energy  of  a  dx2-j;i  superconductor  may  be  ex¬ 
pressed  in  terms  of  two  order  parameters,  s(r)  and  d{r), 
with  appropriate  symmetries,  as  follows  [1] 

/=«,  I  s\^  +  aj\dl^  +  +  p2\d\* 

+  Pi\s\^\d\'^  +  fi4(s*^d^  + 

+  Ysim^  +  Ydindl^  +  y\(JlyS)*(nyd) 

-(n,j)*(n;.d)+c.c].  (1) 

Here  H  =  -ifiSJ  -  e*A/c,  (Xs  =  T  -  Ts,  (Xd  =  T  -  Td  with 
T;  <  7^.  It  is  assumed  that  ^i,  ft,  ft,  yd  and  y^  are  all 
positive  [2].  The  parameters  y  are  related  to  the  effective 
masses  in  the  usual  way,  y,-  =  for  /  =  s,d,  v.  The 

field  equations  for  the  order  parameters  are  obtained  by 
varying  the  free  energy  (1)  with  respect  to  conjugate  fields 
and  s*.  We  consider  the  problem  of  the  structure  of  the 
vortex  lattice  in  the  vicinity  of  the  upper  critical  field  Hd  and 
study  the  linearized  field  equations.  In  the  Landau  gauge 
(A  =  yBx)  these  linearized  field  equations  are  satisfied  by 
taking  dir)  —  e^^^dix),  ,y(r)  =  e‘^ys(x).  Then  we  are  left 

with  the  one  dimensional  problem: 

(J-Co  +  ad)d  ’h  Vs  =  Ed  ,  Vd  +  (J-Cq  +  (Xs)s  =  Es,  (2) 

where  =  hcoda^a-^l/l)  SLndV  -  €v(h(j0c/2)ia^a^  -{-aa) 
are  expressed  in  terms  of  raising  and  lowering  operators, 
a  =  [{x  -  Xk)/l  +  l{d/dx)]/V2,  I  =  yjhde'^B  is  the  mag¬ 
netic  length,  Xk  -  kf,  and  cOc  =  {e* Bj me).  We  have  as¬ 
sumed,  for  simplicity,  that  =  w*  =  w,  and  have  set 

=  Tv/Tj  =  £■  =  0  corresponds  to  the  physical 

solution  for  B  =  Hci(T),  and  solutions  for  £  <  0  will  be 
used  when  we  consider  the  stability  of  various  vortex  lattice 
structures.  Taking  q?-  =  ±  .y,  we  consider  a  variational 

solution  in  terms  of  normalized  ground  state  harmonic  os¬ 
cillator  wave-functions,  epf  (x)  =  cr+  and 


or„  will  be  determined  by  minimization  of  the  expectation 
value  {E). 

We  next  construct  a  vortex  lattice.  Consider  a  periodic 
solution  of  the  form 

Xdisir)  =  Y.  (x)  ±  <p“  (JC)],  (3) 

n 

where  qpfM  3^re  defined  above  and  k  -  qn,  (n  integer), 
which  gives  periodicity  in  y  with  period  Ly  -liriq.  Solution 
(3)  will  also  be  periodic  in  x  provided  that  the  constants  c„ 
satisfy  the  condition  We  consider  only  the  case 

of  =  2  so  that  C2n  =  and  C2n+i  =  ci .  The  period  in  the 
X  direction  is  Lx  =  2fq,  and  BLxLy  =  2(hcle*)  =  2^o, 
there  are  two  flux  quanta  per  unit  cell.  The  resulting  lattice 
may  be  thought  of  as  centered  rectangular  with  two  quanta 
per  unit  cell  or,  equivalently,  as  an  oblique  lattice  with  lattice 
vectors  of  equal  length  and  one  flux  quantum  per  unit  cell. 
We  describe  this  shape  by  the  ratio,  R  =  LxILy  =  (P-  lTT)q^. 
R  =  1  corresponds  to  the  square,  while  R  =  y/3  corresponds 
to  the  triangular  vortex  lattice. 

At  B  ^  Hci(T)  all  solutions  (3)  are  degenerate.  It  is  the 
fourth  order  terms  in  the  free  energy  that  lift  this  degener¬ 
acy  below  Hc2  and  determine  the  vortex  lattice  configura¬ 
tion.  The  minimum  free  energy  is  ivnin  =  -\ifiPlifA)  = 
where  ft  is  the  generalization  of  the  usual 
Abrikosov  parameter  [3].  For  values  of  close  to  0,  ^a(R) 
is  minimized  by  jRmin  =  \/3,  i.e.  the  triangular  lattice  is 
stabilized.  As  is  increased,  the  minimum  of  ft  moves 
toward  smaller  values  of  /?min  <  ^/3  and  an  oblique  vortex 
lattice  is  preferred.  Finally,  at  some  value  of  (which 
depends  on  other  parameters)  the  minimum  of  Pa  reaches 
-^min  =  1,  corresponding  to  a  square  vortex  lattice.  Further 
increase  of  €v  has  no  effect  on  the  lattice  structure  which 
remains  square.  The  typical  dependence  of  Pa  on  R  is 
displayed  in  Fig.  1  [4]. 
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Fig.  1.  Abrikosov  ratio  as  a  function  of  the  lattice  geometry 
factor  R  =  Lx  I  Ly  for  different  values  of  ey  and  Ts  =  O.STd,  T  ~ 
O.TSTrf,  =  ^2  =  ^3  =  ^4  =  and  B  =  The  inset  shows 

the  dependence  of  the  minimum  Rmin  on  the  parameter  ey  for 
different  values  of  ^4. 

This  continuous  dependence  means  that  in  a  (i-wave 
superconductor  one  should  observe  a  general  oblique  vor¬ 
tex  lattice,  unless  is  very  small  or  very  large.  Such  an 
oblique  structure,  with  nearly  equal  lattice  constants  and 
an  angle  of  (/>  =  73“  between  primitive  vectors,  has  in  fact 
been  observed  in  YBa2Cu307  by  Keimer  et  al[5].  Our  re¬ 
sult,  obtained  from  Eqs.  (3),  is  shown  in  Fig.  2  [4].  Keimer 
et  al  further  report  that  one  principal  axis  of  the  oblique 
unit  cell  coincides  with  the  (110)  or  (lIO)  direction  of  the 
crystal.  This  is  at  variance  with  our  result  that  one  lattice 
vector  of  the  larger  rectangular  cell  is  oriented  along  (100) 
or  (010).  However,  we  note  that  the  energy  cost  of  rotating 
the  vortex  lattice  is  small  compared  to  the  energy  needed 
to  deform  the  lattice.  It  is  thus  possible  that  (110)  twin 
boundaries  bind  lines  of  vortices  and  hence  orient  one  of 
the  oblique  lattice  vectors  along  (110). 
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(a)  d-wave 


(b)  s-wave 


Fig.  2.  Contour  plot  of  the  amplitudes  of  (a)  d  component  and 
(b)  s  component  of  the  order  parameter.  GL  parameters  are  the 
same  as  in  Fig.  1  with  Cy  =  0.45,  resulting  in  an  oblique  vortex 
lattice  with  Rmin  =  129  and  the  angle  between  primitive  vectors 
(f>  =  76°.  The  lightest  regions  correspond  to  the  largest  amplitudes. 
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Abstract— As  p  increases  in  La2-/?Sr^Cu04,  holes  transfer  from  the  cuprate-planes  to  the  La-O  layers— 
the  opposite  of  what  the  charge-transfer  hypothesis  predicts.  We  interpret  this  analyzed  charge-transfer  as 
indicating  that  the  superconductivity  originates  in  the  vicinity  of  La-O  layers,  not  in  the  cuprate-planes— 
contrary  to  previous  interpretations  of  measurements  which  place  the  origin  of  superconductivity  in  the 
cuprate-planes. 

Keywords:  A.  superconductors,  C.  neutron  scattering,  D.  superconductivity,  D.  La2-^Sr^Cu04,  D. 
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Of  the  high-temperature  superconductors,  La2-^Sr^Cu04was 
one  of  the  first  discovered,  and  is  now  one  of  the  most 
studied.  As  a  function  of  Sr  content  this  material  has  its 
highest  critical  temperature,  Tc  ~40  K,  for  p^O.15  [1].  By 
consensus,  the  superconductivity  is  associated  with  oxygen 
2p  holes  [2],  and  so  it  would  be  interesting  to  verify  that 
those  holes  are  located  where  most  researchers  suppose 
them  to  be:  on  the  oxygen  ions  in  the  cuprate  planes. 

The  crystal  structure  of  La2-^Sr^Cu04is  layered  and  fea¬ 
tures  a  sequence  of  one  cuprate  plane  followed  by  two  La- 
O  layers  (or,  more  correctly,  (La,Sr)-0  layers).  A  widely 
accepted  picture  of  superconductivity  in  La2-^Sr;?Cu04is 
that  holes  from  the  La-O  layers  migrate  to  the  cuprate- 
planes,  where  they  dope  the  cuprate-planes  p-type,  induce 
p-type  superconductivity  (once  the  hole  concentration  is 
sufficiently  large),  and  increase  the  critical  temperature  for 
superconductivity  as  the  hole-concentration  in  the  cuprate- 
planes  increases.  (This  picture  is  called  the  “charge-transfer 
hypothesis”  [3].)  Of  course,  one  expects  that  this  picture  can 
be  verified  by  simply  extracting  the  charges  on  each  of  the 
ions  from  bond-length  data,  using  the  bond-valence-sum 
method  [4]. 

We  have  applied  the  method  to  La2-jgSr^Cu04[5],  and 
extracted  from  the  neutron  scattering  data  of  Radaelli  et  al , 
the  effective  charges  of  Fig.  1  vs  Sr  content  p.  For  increasing 

the  charges  for  all  of  the  ions  except  cuprate-plane-O(l) 
become  more  positive,  and  only  the  charge  on  0(1)  becomes 
more  negative.  For  small  Sr  contents  this  means  that  holes 
migrate  to  all  ions  except  0(1)  as  Tc  increases.  However, 
0(1)  is  an  oxygen  ion  in  a  cuprate-plane,  and  is  the  one  ion 
that  actually  becomes  more  negative  and  gains  electrons  as 
the  Sr  content  increases.  The  total  charge  of  the  cuprate- 
planes  [Cu  plus  two  0(1)  ions]  also  becomes  more  negative 


Valence  Sums  for  La^.^Sr^CuO^ 


Fig.  1.  Bond-valence-sum  charges  on  individual  ions,  the  cuprate- 
planes  (Cu-O  Plane),  and  the  (two)  La-O  planes  (La-Sr-0  Plane) 
in  La2-|gSrjgCu04(in  units  of  |e|)  extracted  from  the  neutron  scat¬ 
tering  data  of  Ref.  1  vs  Sr  content  0(1)  and  0(2)  refer  to  oxygen 
in  the  cuprate-planes  and  in  the  La-O  layers,  respectively.  The  La 
and  Sr  ions  are  treated  in  a  virtual-crystal  approximation,  and  av¬ 
eraged.  The  cuprate-planes  are  under  compression,  and  the  La-O 
planes  are  under  tension,  and  hence  their  effective  charges  are  large 
and  small  in  magnitude,  respectively.  With  increasing  positive 
charge  transfers  from  the  cuprate -planes  to  the  La-O  layers. 

with  increasing  Thus  the  charge-transfer  to  the  cuprate- 
planes  has  the  opposite  sign  to  that  expected  on  the  basis 
of  the  charge-transfer  hypothesis! 

The  neutron  data  produced  an  average  bond-length  and 
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our  analysis  assumes  a  corresponding  average  or  virtual- 
crystal  cation  Lai-(^/2)Sr(^/2).  Although  one  might  argue 
that  physics  beyond  the  virtual-crystal  approximation  could 
be  important  in  La2-^Sr^Cu04,  the  kernel  of  the  charge- 
transfer  analysis  is  a  simple  chemical  fact  that  transcends 
such  issues:  if  one  transfers  an  electron  to  an  oxygen  ion 
from  its  neighboring  cations,  its  bonds  shorten  due  to  the 
Coulomb  force.  Thus  0(1)  bond-shortening  implies  the  ac¬ 
quisition  of  electrons  in  the  cuprate  planes. 

If  the  hypothesis  of  hole-transfer  to  the  cuprate-planes 
is  invalid  despite  earlier  work  apparently  confirming  it  [6], 
and  if  the  superconducting  holes  are  not  in  the  cuprate- 
planes,  then  all  the  theories  of  cuprate-plane  superconduc¬ 
tivity  must  be  invalid,  and  searches  for  explanations  of  high- 
temperature  superconductivity  should  concentrate  on  non¬ 
cuprate-plane  models  based  on  oxygen  [7]  or  on  defects  [8]. 
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Abstract — ^We  report  on  a  fairly  ab  initio  theory  of  cuprate  superconductivity,  based  on  the  concept  that  the 
above- Tc  state  is  a  normal  Fermi  liquid  with  strong  correlations  of  the  type  found  in  valence-fluctuation  and 
heavy-fermion  materials.  These  correlations  (within  an  assumed  normal  ground  state)  are  found  to  provide  a 
satisfactory  source  or  mechanism  in  the  pairing.  Many  electronic  features  of  the  cuprates  are  quantitatively 
reproduced  by  this  theory,  and  for  some  there  is  even  semi-quantitative  agreement.  This  report  focuses 
especially  on  the  gap  form,  on  major  aspects  of  the  cuprate  Tc  systematics,  and  on  evidence  suggesting  that 
this  mechanism  is  also  operating  (together  with  phonons)  in  a  number  of  other  superconductors. 
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We  have  developed  a  fairly  ab  initio  theory  of  cuprate  su¬ 
perconductivity  [1],  based  on  the  concept  that  the  above- Tc 
state  is  a  normal  Fermi  liquid  with  strong  electronic  cor¬ 
relations  of  the  type  found  in  valence-fluctuation  (VF)  and 
heavy-fermion  materials.  The  ground-state-correlation  as¬ 
pect  is  found  to  provide  a  satisfactory  source  or  mechanism 
for  the  pairing.  In  addition  to  the  high  Tc%  this  explains 
many  of  the  unusual  features  of  cuprate  super  conductivity, 
as  outlined  below. 

The  many-body  calculation  proceeds  by  a  variational  ap¬ 
proach,  which  is  well  suited  for  the  strong-coupling  aspect 
of  this  problem.  Starting  with  the  fiction  of  a  normal  ground 
state,  our  variational  ground-state  energy  (fully  optimized) 
is  differentiated  with  respect  to  quasiparticle  occupation 
numbers  to  generate  the  Landau  quasiparticle  energy  spec¬ 
trum  Elea-  and  interaction  for  all  k  and  k'  in  the 

Brillouin  zone.  The  pair  interaction  Vkkf  is  then  obtained 
from  this  /  by  an  analytic  continuation.  An  Anderson- 
lattice  form  of  model  Hamiltonian  is  used  (the  usual  three- 
band  model,  with  a  single  U  -  f/dd),  with  input  parameters 
taken  from  a  careful  reanalysis  of  the  photoemission  and 
inverse-photoemission  data  for  CuO  [2].  The  claim  of  ab  ini¬ 
tio  character  for  this  theory  is  based  on  the  use  of  a  realistic 
model  Hamiltonian,  realistic  input  parameters,  and  a  highly 
refined  calculational  technique.  Our  consistent  (l/N)^  level 
of  approximation  goes  considerably  beyond  previous  An¬ 
derson  lattice  treatments;  this  incorporates  a  new  and  pre¬ 
viously  unsuspected  feature  which  arises  specifically  from 
the  lattice  aspect. 

The  various  semi-quantitative  results  are  quite  encourag¬ 
ing:  (a)  we  adjust  one  Hamiltonian  parameter  (the  charge- 
transfer  energy  Act)  to  obtain  a  typical  Tc(^  100  AT).  The 
resulting  Act  is  found  to  be  reasonably  close  to  the  value  de¬ 
duced  from  photoemission  data,  (b)  The  quasiparticle  (pder 


antibonding)  bandwidth  1 .6  eV)  is  close  to  a  value  (~ 
1 .4  eV)  deduced  from  angle-resolved  photoemission  [3].  (c) 
The  coherence  length  5  is  found  to  be  extremely  short,  just 
a  few  lattice  spacings,  consistent  with  experiment,  (d)  The 
large  lA/k^Tc  ratio  ('-  6)  emerges  mainly  as  a  consequence 
of  strong  gap  anisotropy.  [In  a  simpler  in-plane-isotropic 
model,  the  large  effect  of  a  pair-breaking  reduction  of  Tc 
is  compensated  by  a  very  small  value  (1.75)  for  the  "‘bare” 
gap  ratio  obtained  from  the  simple  gap  equation.]  (e)  At  the 
Fermi  surface,  the  angle-averaged  quasiparticle  interaction 
{/fi>  is  found  to  be  large  and  repulsive,  «  +0.5  eV.  This 
magnitude  is  about  the  value  required  to  account  for  the 
strong  quasiparticle  damping,  and  thus  presumably  also  for 
the  large  normal-state  resistivity,  according  to  calculations 
of  quasiparticle  scattering  [4].  (These  calculations  show  that 
the  linear  behavior  is  due  to  the  unusual  band  geometry,  for 
Ef  close  to  the  van  Hove  saddle  point.)  The  repulsive  sign 
leads  to  an  expected  Stoner  enhancement  factor  of  --  2-3, 
which  is  also  consistent  with  available  evidence. 

Also  significant  are  a  number  of  results  which  are  more 
qualitative  in  nature:  (a)  a  clear  proximity  to  a  magnetic  in¬ 
stability,  at  reduced  hole-doping,  (b)  Evidence  for  a  strong 
pair-breaking  reduction  of  Tc,  apparently  due  to  quasipar¬ 
ticle  damping  from  the  above-mentioned  quasiparticle  scat¬ 
tering.  (c)  A  highly  anisotropic  (although  s-like)  gap,  which 
may  or  may  not  have  nodes,  perhaps  depending  on  the  ma¬ 
terial.  (d)  A  simple  argument  for  expecting  a  highly  anoma¬ 
lous  form  of  H(2(T),  consistent  with  what  has  been  ob¬ 
served  [5].  (e)  Qualitative  explanations  for  major  features  of 
the  Tc  systematics  (see  below). 

The  net  pair  attraction  is  due  to  a  very  strong  k  depen¬ 
dence  in  the  pair  interaction  For  small  k,  k'  (near  the 
zone  center  T)  this  V  is  very  attractive  (--  several  eV),  while 
for  large  k,  k'  [near  the  zone  comer  (1,1)]  this  becomes  very 
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function,  with  the  full  point-group  symmetry  of  the  CUO2 
plane.  The  resulting  gap  function  Ak  is  quite  large  (posi¬ 
tive)  at  small  ks  and  also  large  (negative)  at  large  ks,  with  a 
single  node  line  in  between.  (There  is  thus  substantial  pair¬ 
ing  throughout  the  entire  Brillouin  zone.)  The  node  line  lies 
close  to  and  mainly  outside  of  the  Fermi  surface.  Study  of 
the  gap  anisotropy  for  a  realistic  band  structure  showed  that 
the  gap  A  (essentially,  A^r  on  the  Fermi  surface)  is  largest  in 
the  direction  of  the  Cu-O  bonds,  in  agreement  with  experi¬ 
ment.  Midway  between  the  bond  directions  A  is  far  smaller, 
and  it  may  be  either  positive  or  negative.  The  negative  case 
corresponds  to  intersection  of  the  node  line  with  the  Fermi 
surface,  leading  here  to  an  8-node  gap  form.  The  gap  nodes 
in  this  case  are  expected  to  be  closer  to  the  (1,1)  or  45° 
directions  than  to  the  (1,0)  or  bond  directions. 

There  are  several  lines  of  evidence  favoring  this  type  of 
anisotropic-s  gap  (with  or  without  nodes),  as  contrasted  to 
the  d-wave  form:  (a)  although  gap  nodes  are  con¬ 

firmed  in  YBCO,  there  is  evidence  against  such  nodes  in 
(Nd,Ce)2Cu04  [6].  This  difference  is  reconciled  most  simply 
in  the  anisotropic-s  scenario,  which  requires  only  a  modest 
deformation  of  the  node  line,  (b)  Inner-gap  features  have 
been  observed  in  tunnelling  in  at  least  five  different  cuprates. 
Some  of  the  data  even  shows  a  non-monotonic  or  reentrant 
form  [7],  consistent  with  the  8-node  gap  form  [8].  (c)  Re¬ 
cently,  more  direct  evidence  for  the  8-node  form  has  been 
obtained  from  angle-resolved  photoemission  for  Bi-2212  [9], 
and  from  thin-film  tunnelling  for  YBCO  [10]. 

Major  aspects  of  the  Tc  systematics  are  rationalized,  such 
as  the  strong  dependence  on  the  hole-doping  Tc  is 
driven  down  on  the  low-doping  side  by  the  x  dependence 
found  in  the  numerical  results  [1],  and  on  the  high-doping 
side  by  local  Madelung-potential  changes  induced  by  the 
doping.  It  is  particularly  noteworthy  that  this  theory  pro¬ 
vides  a  qualitative  explanation  for  the  empirical  dependence 
of  Tc  on  the  Madelung  potential  of  the  apical  oxygens — a 
correlation  which  which  is  very  strong  [11]  and  which  was 
quite  unexpected.  [The  apical  oxygen  2pz  orbitals  interact 
strongly  with  the  copper  4s  orbitals,  which  in  turn  interact 
strongly  with  the  planar  oxygen  Bloch  orbitals  near  the  (1,0) 
point,  so  that  a  Madelung  effect  on  the  2pz  energy  level  is 
reflected  in  a  shift  of  the  charge-transfer  energy  difference. 
Act  =  e(3d)  -  <6k(2pcr)>.]  A  corollary  of  this  is  that  Tc 
also  depends  strongly  on  the  number  of  apical  oxygens  per 
planar  Cu  ion;  a  reduction  or  elimination  of  apicals  is  gen¬ 
erally  quite  beneficial,  as  can  be  seen  in  the  data.  We  also 


argue  that  the  apparent  evidence  for  strong  dependence  of 
Tc  on  inter-plane  coupling  is  an  illusion,  and  is  mainly  a 
reflection  of  the  effects  just  mentioned. 

There  is  a  considerable  variety  of  evidence  suggesting 
that  the  present  mechanism  is  operating  also  in  a  number 
of  other  families  of  superconductors,  especially  the  “ex¬ 
otic’’  superconductors  of  Uemura  [12]  and  the  “bad  actors” 
of  Anderson  and  Yu  [13].  (The  borocarbides  also  fit  this 
general  pattern,  e.g.  [14].)  This  evidence  includes  anoma¬ 
lously  short  coherence  length,  anomalously  high  resistivity, 
a  highly  anomalous  form  of  HcjiT),  and  a  number  of  fea¬ 
tures  which  we  argue  should  help  to  justify  an  Anderson- 
lattice  form  of  model  Hamiltonian.  These  latter  features  in¬ 
clude  large  C/s,  “conduction”  (non-d-like)  bands,  reduced  di¬ 
mensionality  and/or  clustering,  ligand  ions  with  electroneg¬ 
ativity  considerably  different  from  the  “localized”  (d-like) 
ions  or  clusters,  and  large  penetration  depths  (small  carrier 
density  and  large  effective  mass). 
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Abstract— The  differential  conductance  of  an  STM  with  two  atomically  sharp  protrusions  separated  by  at 
least  several  atomic  spacings  depends  on  the  electronic  transport  in  the  sample  between  those  protrusions. 
This  allows  direct  probing  of  any  gap  anisotropy  experienced  by  propagating  quasiparticles. 

Keywords:  scanning  tunneling  spectroscopy,  high-temperature  superconductivity. 


We  propose  an  experiment  which  should  provide  detailed 
angular  information  about  local  transport  on  a  supercon¬ 
ducting  sample.  The  apparatus  consists  of  a  spatially  ex¬ 
tended  STM  tip,  manufactured  with  two  protrusions  each 
ending  in  a  single  atom.  Here  we  point  out  that  new  infor¬ 
mation  is  obtainable  when  these  protrusions  are  separated 
by  more  than  10  A.  Such  two-protrusion  tips  are  often  found 
by  chance.  Atomic-scale  tunneling  from  more  than  one  site 
has  been  proposed  as  a  probe  of  local  transport  [1,2],  but 
these  proposals  require  two  separate  contacts.  It  should  be 
noted  that  probing  electronic  properties  by  scattering  elec¬ 
trons  off  an  impurity  has  already  had  some  success  [3,4]. 

On  a  homogeneous  sample  the  transport  quantities  of 
interest  would  determine  the  desired  separation  of  protru¬ 
sions  on  the  STM  contact.  Measurements  of  quantities  with 
long  length  scales  (100-1000  A)  such  as  mean  free  paths, 
transitions  from  ballistic  to  diffusive  propagation,  low-Tc 
coherence  lengths,  charge-density-wave  correlation  lengths, 
and  angularly  anisotropic  density-of-states  effects  [4]  would 
most  benefit  from  the  increased  signal  of  the  two-protrusion 
configuration  relative  to  the  two -contact  configuration.  The 
two-protrusion  configuration  has  a  higher  signal  than  the 
two-contact  configuration  because  the  interference  term  be¬ 
tween  the  two  tips  is  of  lower  order  in  the  tunneling  matrix 
elements.  However,  to  make  such  an  experiment  feasible  the 
sample  would  have  to  be  rotated  or  several  domains  which 
differ  by  their  crystallographic  orientation  would  have  to  be 
examined.  Normalizing  the  signal  for  comparison  among 
the  different  orientations  could  be  done  by  comparing  cur¬ 
rents  across  the  voltage  range. 

For  the  two-protrusion  STM  the  differential  conductivity 
is 

^  OC  [Img(xi,xi;0)ImG(ri,ri;F) 
aV 

+Img(x2,  X2\  0)ImG(r2,  n;  V) 

+Img(xi,  X2\  0)ImG(ri,  r2;  V) 

-f  Img(X2,  xi;  0)ImG(r2,  mV)]  (1) 


Fig.  1.  Differential  conductance  as  function  of  relative  protrusion 
separation  in  position  space  (units  of  --  1  A).  The  gap  is 
Ak  =  Ao  cos(2(^k)  and  eV  -  I.IAq. 


where  G  and  g  are  the  Green  functions  in  the  sample  and 
tip  respectively,  convoluted  with  the  tip  shape.  The  first  two 
terms  describe  direct  tunneling  through  the  two  protrusions, 
but  the  last  two  terms  are  interference  terms  between  the 
two  protrusions. 

We  apply  eqn  (1)  to  transport  on  Bi2Sr2CaCu208.  In 
a  heuristic  sense,  gap  anisotropy  produces  an  angularly- 
dependent  density  of  states,  which  can  be  qualitatively  dif¬ 
ferent  at  different  energies.  For  a  dx2^yi  gap,  which  has  four 
nodes,  at  voltages  much  less  than  the  gap  quasiparticles  can 
only  travel  in  the  real-space  directions  roughly  parallel  to 
node  momenta,  yielding  “channels”  of  conductance  [1].  At 
voltages  slightly  higher  than  the  gap  maximum  there  are 
more  states  for  momenta  near  the  gap  maximum,  so  the 
channels  would  appear  rotated  by  45".  By  examining  tran- 
port  at  different  energies  a  two-protrusion  STM  has  the  ca¬ 
pability  of  measuring  gap  anisotropy  via  short-length  scale 
transport  measurements. 


1702 


JEFF  M.  BYERS  and  MICHAEL  E.  FLATTY 


Fig.  2.  Similar  to  Fig.  1,  but  only  one  quadrant  and  eV  =  O.IA). 
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Abstract— The  photoemission  spectrum  of  the  Hubbard  model  v^^ith  a  correlation-induced  electron-lattice 
interaction  is  eTtamined  using  exact  diagonalization  techniques.  By  adjusting  the  strength  of  the  electron- 
lattice  interaction,  its  effects  on  the  spectral  distribution  are  systematically  investigated.  This  interaction, 
which  was  found  in  an  earlier  work  to  enhance  the  superconducting  pairing  in  the  system,  causes  non¬ 
trivial  transfer  of  spectral  weight  accompanied  by  a  change  in  the  energy  range  of  the  spectral  distribution. 
The  calculated  results  are  analyzed  in  a  many-body  picture  to  gain  physical  insights  into  the  role  of  the 
electron-lattice  interaction  in  determining  the  spectroscopic  behavior  of  the  system.  It  is  found  that  both 
the  single -particle  and  many-body  effects  manifest  themselves  in  the  spectrum  and  both  must  be  considered 
to  understand  the  observed  phenomena. 


The  electron-lattice  interaction  plays  a  key  role  in  BCS  su¬ 
perconductivity  [1].  Its  role  in  novel  superconductors  such 
as  high-Tc  cuprates  has  been  the  subject  of  intensive  inves¬ 
tigation  and  debate.  It  has  been  proposed  [2]  that  a  charge- 
density  dependent,  static  electron-lattice  interaction  con¬ 
stitutes  an  effective  attractive  electron-electron  interaction 
under  certain  conditions.  This  is  based  on  the  study  of  a 
Hubbard  model,  which,  in  various  limits  or  under  specific 
conditions,  has  been  suggested  to  represent  the  high-Tc  sys¬ 
tems  [3].  The  model  which  incorporates  the  electron-lattice 
interaction  is  defined  by  the  following  Hamiltonian 

=  —t  ^  cjfj  Cjcr{\  ~  yiia )  ( 1  ) 

<ij>;cr 

—  (/  -|-  5)  CiffCjcr[nja{\  ~  flia)  -|-  ~  ^7^)] 

“  +  y)  ^  "b  F  (1) 

<iJ>;o-  i 

All  notations  are  standard.  The  hopping  parameters  de¬ 
pend  on  the  number  of  electrons  in  the  (i,j)  bond.  In  the 
limit  5  =  y  =  0  the  Hamiltonian  reduces  to  the  standard 
Hubbard  model.  In  the  limit  C/  =  0  the  electron-lattice  in¬ 
teraction  in  the  model  still  makes  it  a  many-body  problem.  It 
has  been  found  [2]  that  as  long  as  the  bonds  with  higher  oc¬ 
cupation  have  a  larger  absolute  value  of  the  hopping  param¬ 
eters  there  will  be  an  effective  attractive  electron-electron 
interaction  in  favor  of  a  superconducting  ground  state. 

In  this  paper  we  study  the  effect  of  the  electron-lattice 
interaction  introduced  in  Hamiltonian  (1)  on  the  spectral 
distribution.  The  photoemission  spectrum  (PES)  is  calcu¬ 
lated  in  a  periodic  small  cluster  approach.  We  use  an  eight- 
site  cluster  with  periodic  boundary  conditions  on  a  3D  fee 
lattice  [4]  which  shares  the  same  structural  environment  as 
the  tetrahedral  cluster  used  in  Ref.  [2].  We  study  the  case  of 


seven  electrons  in  the  cluster,  i.e.  an  almost  half-filled  band. 
A  symmetry-projected  exact  diagonalization  technique  [5] 
is  applied  to  the  Hamiltonian  to  obtain  all  the  eigenvalues 
and  eigenstates.  The  PES  is  defined  as 

P{co)  =  I  \ciM^)\^  5[C0  -  Et'  +  Ei'  +  (2) 

i,  (T.k 

where  (f)Q  and  are  the  A-electron  ground  state  and 
the  Arth  {N  -  1) -electron  final  state,  with  energies  and 
respectively.  The  operator  Qo-  destroys  an  electron 
with  spin  a  and  orbital  index  i.  The  chemical  potential  //  = 

(ll2)[Er' 

The  calculated  PES  is  shown  in  Fig.  1.  The  ''bare”  hop¬ 
ping  parameter  t  is  chosen  to  be  the  energy  unit.  The  on¬ 
site  Coulomb  interaction  is  set  to  t///  =  15.0.  The  single¬ 
particle  bandwidth  in  the  limit  5  =  y  =  0.0  is  IF  =  16L  The 
parameters  used  in  the  calculations  correspond  to  U jW  « 
1,  i.e.  strongly  correlated  case.  Negative  values  of  5  and  y 
increase  the  effective  bandwidth  (PFeff)  thus  reduce  the  cor¬ 
relation  effect  while  positive  values  of  these  parameters  do 
the  opposite.  A  detailed  analysis  of  the  calculated  results 
yields  the  following  conclusions. 

(i) There  is  an  obvious  reduction  in  the  overall  spectral 
distribution  range  accompanied  by  non-trivial  spectral 
weight  transfer  in  Fig.  1  (a)-(e),  indicating  a  reduced  ef¬ 
fective  quasiparticle  bandwidth,  thus  stronger  correlation 
effects  with  larger  U  /  PFeff  ratios. 

(ii) Satellite  peaks  driven  by  the  on-site  Coulomb  interac¬ 
tion  U  are  identified  by  comparing  to  the  results  with 
U  =  0.  The  highest  binding  energy  is  indicated  by  the  tip 
of  the  letter  "V”  in  each  panel  in  Fig.  1.  It  is  seen  that  U- 
driven  features  grow  with  increasing  <5  and  y,  consistent 
with  the  results  in  (i). 

(iii) A  significant  reduction  of  the  quasiparticle  spectral 
weight  near  ^  is  observed.  The  lost  spectral  weight  is  re- 
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Fig.  1 .  The  calculated  PES.  The  C//r  is  set  to  1 5.0.  Other  parameters 
are  {djt,  ylt)  =  (a)  (-0.5,  -1.0),  (b)  (-0.3,  -0.6),  (c)  (0.0, 0.0),  (d) 
(0.3, 0.6),  (e)  (0.5, 1.0).  The  tip  of  letter  “V’'  indicates  the  highest 
binding  energy  position  for  C/  =  0. 


distributed  at  higher  binding  energies.  This  phenomenon, 
within  the  present  model,  is  solely  due  to  the  electron- 
lattice  interaction.  This  kind  of  behavior  has  been  recently 
observed  in  boride-carbide  systems  by  Fujimori  et  al.  [7]. 
Similar  results  in  other  correlated  systems  are  expected. 

(iv) The  major  low-energy  peak  (second  from  ^)  is  drasti¬ 
cally  narrowed  as  U/W^ff;  increases  [Fig.  l(a)-(e)].  This 
can  be  understood  as  due  to  an  effective  intersite  Coulomb 
interaction  introduced  by  5  and  y,  interactions  on  the 
{i,  j)  bond.  Recently  we  have  found  [8]  that  intersite  in¬ 
teractions  in  the  Hubbard  model  generally  causes  spectral 
narrowing  at  low  binding  energies. 

(v) The  high-energy  quasiparticle  peak  splits  as  it  shifts 
towards  lower  energies.  This  probably  is  not  a  generic 
feature  due  to  the  electron-lattice  interaction,  but  rather 
a  model  (energy  spectrum)  dependent  phenomenon. 

In  summary,  we  have  studied  the  photoemission  spec¬ 
tral  behavior  of  a  Hubbard  model  with  an  electron-lattice 
interaction  in  an  exact  diagonalization  approach.  Some 
interesting  interaction-driven  spectral  features  have  been 
observed  and  discussed  in  a  many-body  picture.  These  re¬ 
sults  should  have  implications  for  a  wide  variety  of  strongly 
correlated  materials. 
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Abstract— We  present  a  spin  fluctuation  study  of  the  two-dimensional  t-t'  model  in  the  regime  of  |/'|  > 
1/ 1/2  As  a  function  of  band  filling,  the  Fermi  surface  exhibits  rich  geometrical  and  topological  properties, 
which  can  be  used  as  a  model  for  the  Fermi  surface  structure  of  Tl2Ba2Cu06  as  calculated  by  Singh  and 
Pickett. 


Keywords:  t-t'  model,  spin  fluctuations,  Fermi  surface  nesting. 


1.  INTRODUCTION 

It  is  now  widely  believed  that  two-dimensional  Cu02  planes 
are  mainly  responsible  for  the  electronic  properties.  Many 
experiments,  as  well  as  theoretical  band  structure  calcula¬ 
tions,  all  seem  to  be  consistent  with  an  effective  one-band 
Hubbard  model  [1]  which  in  the  electron  picture  takes  the 
form 

H  =  —t  ^  ^  ^  ^ia^jcr 

<ij>or  «ij»a 

+h.c  +  uY^rintia  ,  (1) 

i 

where  cja  is  the  electron  creation  operator  with  spin  a  at 
lattice  site  i,  Cia  is  the  corresponding  annihilation  operator, 
<  ij  >  stands  for  a  sum  over  nearest-neighbor  and  << 
ij  »  represents  the  next-nearest-neighbors.  For  the  most 
commonly  studied  systems,  it  is  generally  agreed  that  t'  « 
0. 16f  for  La2-xSr;cCu04,  and  t'  «  0.45/  for  YBa2Cu307-5. 
It  is  perhaps  less  known  that  the  band  structure  calculations 
of  Singh  and  Pickett  [2]  for  the  Tl2Ba2Cu06  show  two  Fermi 
surfaces  in  the  =  0  plane:  one  electron  like  surface  around 
the  r  point  and  another  hole  like  surface  around  the  M 
point.  Despite  its  complexity,  it  turns  out  we  can  model  this 
with  |/'|  >  \t\/2. 


2.  FERMI  SURFACE  STRUCTURES  AND  SPIN 
FLUCTUATIONS 

One  can  easily  obtain  the  following  dispersion  from 
eqn  (1) 

f(k)  =  -2t[cos(kx)  +  cos(ky)]  +  At'  coskxcosky  .  (2) 


In  units  where  /  =  1  and  when  t'  >  1/2,  the  band  minimums 
are  located  at  {±Tr,  0)  and  (0,  ±7t),  while  the  band  maxi- 
mums  are  at  (±Tr,  ±Tr).  In  contrast  to  the  well  studied  case 
of  t'  <  1/2,  it  is  surprising  that  in  the  case  of  /'  >  1/2  new 
nesting  wave  vectors  appear,  equal  to  (2arccos(//2/'),  0) 
and  (0, 2arccos(//2r')).  These  nesting  vectors  connect  the 
flat  sections  of  the  Fermi  surface  that  appear  when  the 
chemical  potential  reaches  ^  =  -fjt'.  Figure  1  shows  the 
typical  Fermi  surface  structure.  The  saddle  points  which 
leads  to  the  van-Hove  singularity  of  the  density  of  states 
are  now  located  well  inside  the  Brillouin  zone.  There  is  an 
extra  jump  in  the  density  of  states,  which  corresponds  to 
the  closing  of  the  electron-like  Fermi  surface  at  the  zone 
center.  Thus  there  are  three  doping  regimes  at  zero  temper¬ 
ature.  The  first  regime  corresponds  to  the  range  of  chemical 
potentials  -At'  <  p  <  -t^lt',  the  second  regime  is  defined 
by  the  range  -t^jt'  <  IJ  <  At'  -  At,  and  the  last  regime,  by 
the  range  At'  -  At  <  ti  <  At'  -f  At.  The  jump  in  the  density 
of  states  occurs  at  /i/  =  At'  -  At,  and  the  van-Hove  singu¬ 
larity  is  at  /i  =  In  the  first  regime,  the  Fermi  sur¬ 

face  consists  of  four  distinct  pockets  centered  at(±7r,  0)  and 
(0,  ±77).  In  the  second  regime,  there  are  two  disconnected 
Fermi  surfaces:  one  electron-like  surface  centered  around  T 
point,  another  hole-like  surface  centered  around  M  point. 
This  structure  of  the  Fermi  surface  is  thus  similar  to  the  cal¬ 
culated  band  structure  of  Tl2Ba2Cu06  at  the  kz  =  0  plane. 
In  the  last  doping  regimes,  the  Fermi  surface  is  composed 
of  only  hole-like  sections. 

For  two-dimensional  systems,  the  momentum  depen¬ 
dence  of  the  spin  fluctuations  is  mainly  determined  by  the 
Fermi  surface  nesting  properties  [3].  In  fact  for  weakly  in¬ 
teracting  two-dimensional  electrons,  the  magnetic  neutron 
scattering  experiments  should  provide  a  detailed  spec¬ 
troscopy  of  the  Fermi  surface.  The  structures  of  the  spin 
susceptibility  in  k-space  can  be  related  to  the  2kf  Kohn 
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Fig.  1.  Fermi  surface  structure  for  =  0.8r. 


q  q 

Fig.  2.  The  zero-temperature,  zero-frequency  limit  of  the  spin  struc- 
turefactor  devided  by  frequency  as  a  function  of  the  wavevector 
q  alongthe  {q,  q)  direction,  for  /'  =  0.75/  and  for  (a)  ^  =  -2.25/, 
(b)/i  =  -4//3,  (c)  p  =  ~1.25r  and  (d)  p  =  1.0/. 


anomalies  of  the  imaginary  part,  which  occur  whenever 
a  wave-vector  q  can  join  two  points  of  the  Fermi  surface 
where  the  Fermi  velocities  are  parallel  or  antiparallel.  At 
zero  temperature,  and  as  the  frequency  goes  to  zero,  the 
structures  become  singularities.  The  nature  of  the  singular¬ 
ities  can  be  traced  back  to  the  sign  of  the  curvature  of  the 
Fermi  surface  at  those  points.  The  bare  spin  susceptibility 
can  be  written  as  (in  units  such  that  5=1/2,  ft  =  1  and 
ks  =  1): 


Xo(q. 


1  y  w(k-Hq)  ~w(k) 

2N  y  f  (k)  -  E(k  q)  +  o)  /0+  ' 


(3) 


The  dynamical  spin  structure  factor  can  be  expressed  as 


5(q,  (jo)  =2 


Xo  (q>  CO) 

1  -  exp(-^co)  * 


(4) 


In  Fig.  2  we  illustrate  the  results  for  the  magnetic  struc¬ 
ture  factor  divided  by  frequency  along  the  diagonal  direc¬ 
tion,  which  is  globally  the  most  sensitive  to  the  geomet¬ 
rical  features  of  the  Fermi  surface.  Figure  2(a)  shows  the 
situtation  in  the  first  doping  regime.  Asides  from  the  triv¬ 
ial  ^  =  0  structure,  three  peaks  and  a  gap  can  be  seen.  At 
van-Hove  singularity  [Fig.  2(b)],  the  Fermi  surface  is  com¬ 
posed  of  four  straight  lines.  Only  two  peaks  can  be  seen: 
the  trivial  ^  =  0  peak  and  the  strong  peak  at  wavevec¬ 
tor  iqif,  qN)(QN  =  2arccos(//2/')),  which  links  together  the 
points  of  the  Fermi  surface  associated  to  the  van-Hove  sin¬ 
gularities.  In  the  second  doping  regime  [Fig.  2(c)]  there  are 
two  Fermi  surfaces,  we  can  see  five  peaks  which  signal  the 
rich  topological  features  of  the  Fermi  surface.  Figure  2(d) 
corresponds  the  last  doping  regime  where  only  one  peak 
can  be  seen. 


3.  CONCLUSIONS 

The  /-/'  model  exhibits  a  rich  Fermi  surface  topology 
when  \t' lt\  >  1  /2.0f  particular  interest  is  the  appearence  of 
a  new  perfect  nesting  condition  when  the  chemical  potential 
reaches  ^  and  of  a  doping  regime  where  a  hole¬ 

like  section  of  the  Fermi  surface  coexists  with  an  electron- 
like.This  doping  regime  leads  to  several  structures  which 
can  be  related  to  specific  geometrical  features  of  the  Fermi 
surface.  The  structures  of  the  magnetic  spin  susceptibility 
are  especially  distinctive  in  the  diagonal  direction. 
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Abstract — We  report  the  experimental  results  and  propose  a  theory  of  resonant  two-magnon  Raman  scat¬ 
tering  from  antiferromagnetic  insulators.  On  the  experimental  side,  we  present  the  first  measurements  on 
YBa2Cu306.i  at  T  =  4  K,  and  find  the  resonant  frequency  at  higher  photon  energies  than  previously  be¬ 
lieved.  On  the  theoretical  side,  we  argue  that  the  conventional  Loudon-Fleury  theory  does  not  work  in  the 
resonant  regime,  in  which  the  energy  of  the  incident  photon  is  close  to  the  gap  between  the  conduction 
and  valence  bands,  and  identify  the  most  relevant  contribution  to  Raman  intensity.  We  find  good  agreement 
between  the  theoretical  prediction  for  the  power-law  behavior  of  the  strength  of  the  two-magnon  scattering 
and  the  data.  We  argue  that  this  agreement  is  evidence  for  the  existence  of  coherent  quasiparticle  states  in 
these  materials. 


There  is  a  widespread  belief  that  strong  electron-electron 
correlations  in  the  high-Ti  compounds  may  hold  a  clue 
to  the  phenomenon  of  high-temperature  superconductivity. 
One  of  the  manifestations  of  these  correlations  is  the  fact 
that  the  insulating  parent  compounds  are  antiferromagnets. 
An  important  probe  of  antiferromagnetism  is  magnetic  Ra¬ 
man  scattering  [1].  Its  prominent  signature  in  the  under¬ 
doped  high-Tc  materials  is  a  strong  peak  observed  at  about 
3000  cm"L  To  first  approximation,  this  peak  can  be  at¬ 
tributed  to  inelastic  scattering  from  the  two-magnon  exci¬ 
tations  [1,2]. 

The  traditional  framework  for  understanding  the  two- 
magnon  Raman  scattering  in  antiferromagnets  has  been  an 
effective  Hamiltonian  for  the  interaction  of  light  with  spin 
degrees  of  freedom  known  as  the  Loudon-Fleury  Hamilto¬ 
nian  [3,4].  This  theory  works  well  when  the  frequencies  of 
the  incoming  and  outgoing  photons  are  considerably  smaller 
than  the  gap  between  the  conduction  and  valence  bands, 
which  is  roughly  2  eV.  At  higher  photon  energies  we  are  in 
the  resonant  regime.  In  this  regime,  the  cross-sections  sen¬ 
sitively  depend  not  just  on  magnetic,  but  on  the  electronic 
properties  as  well,  and  this  makes  understanding  the  data 
particularly  important. 

The  profile  of  the  Raman  cross-section  as  a  function  of 
the  transferred  photon  frequency  and  the  behavior  of  the 
two-magnon  peak  height  as  a  function  of  the  incident  pho¬ 
ton  frequency  in  undoped  YBCO  and  related  compounds 
have  been  studied  experimentaly  at  room  temperatures  [5]. 
The  key  experimental  feature  was  the  existence  of  a  single 


Fig.  1.  The  triple  resonance  region  (shaded)  in  the  (cof,  w)  plane, 
where  to  =  co^  -  w/.  The  horizontal  line  corresponds  to  the 
position  of  the  two-magnon  peak  which  for  definiteness  we  chose 
to  be  at  CO  =  2.8J  which  is  the  value  one  obtains  in  the  IjS 
expansion  neglecting  the  renormalization  of  J. 


maximum  in  the  two-magnon  peak  strength  measured  as  a 
function  of  the  incident  photon  frequency  (ordinarily,  one 
could  expect  two  maxima,  the  so-called  ingoing  and  out¬ 
going  resonances  [6,7]).  A  comparison  with  the  dielectric 
constant  measurements  have  shown  that  this  maximum  is 
at  least  1  eV  away  from  the  band  edge,  in  fact  right  at  the 
upper  end  of  the  features  in  the  optical  data  that  can  be  in¬ 
terpreted  as  the  particle-hole  excitations  between  the  lower 
and  upper  Hubbard  bands. 

We  performed  the  measurements  of  Raman  intensity  at 
low  temperatures  (T  ~  4  K)  and  found  that  the  resonance 
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ocxjurs  at  slightly  higher  frequencies  than  been  reported  pre¬ 
viously  [5]:  the  resonance  frequency  is  greater  than  3.1  eV. 

To  understand  the  experimental  results,  we  develop  a  di¬ 
agrammatic  approach  to  Raman  scattering  valid  in  both 
nonresonant  and  resonant  regimes.  We  consider  the  one- 
band  Hubbard  model  and  use  the  large  U  spin  density  wave 
(SDW)  formalism  [8]  to  describe  the  electronic  state  at  half¬ 
filling,  the  excitations  aroimd  it,  and  the  interaction  between 
fermions  and  spin  waves  which  in  the  SDW  formalism  are 
the  collective  modes  of  fermions.  The  resonant  part  of  the 
scattering  matrix  element  Mr  is  obtained  from  the  term  lin¬ 
ear  in  the  vector  potential  in  the  2nd  order  of  perturbation 
theory  [6].  In  this  process,  a  photon  with  energy  co^  and 
momentum  which  can  be  safely  set  equal  to  zero,  creates 
a  virtual  particle-hole  state  of  the  fermionic  system  which 
can  emit  or  absorb  two  spin-waves  with  momenta  k  and  -k 
before  collapsing  into  an  outgoing  photon  with  the  energy 
CO/.  In  the  situation  when  the  photon  frequencies  are  much 
smaller  than  the  Mott-Hubbard  gap  2A  C/,  we  recov¬ 
ered  diagramatically  the  Loudon-Fleury  theory.  However  in 
the  resonant  region,  when  the  incoming  photon  frequency 
is  close  to  the  gap  value,  we  found  that  the  most  singular 
contribution  to  the  Raman  vertex  comes  from  the  diagram 
which  does  not  contribute  to  the  Loudon-Fleury  theory, 
but  for  which  there  exists  a  region  of  co,-  and  co/  where 
all  three  of  the  energy  denominators  vanish  simultaneously. 
This  phenomenon  is  known  as  a  triple  resonance  [6,7].  Via 
a  combination  of  analytical  and  numerical  techniques,  we 
found  that  for  relevant  cof  the  triple  resonance  in  the  Ra¬ 
man  vertex  occurs  only  in  a  narrow  range  of  the  final  pho¬ 
ton  energies  co /.  The  region  of  triple  resonances  is  shaded 
in  Fig.  1.  In  this  region,  the  Raman  vertex,  Mr,  diverges  in 
the  absence  of  quasiparticle  damping. 

It  is  easy  to  check  that  the  triple  resonance  condition  is 
rigorously  satisfied  only  for  the  diagram  which  does  not  con¬ 
tain  final-state  magnon-magnon  interactions.  On  the  other 
hand,  for  5  =  1/2,  the  dominant  contribution  to  the  con¬ 
ventional  two-magnon  peak  at  ~  3/  comes  from  the  di¬ 
agrams  with  multiple  magnon-magnon  interactions  [2].  In 
this  situation  the  Raman  spectrum  R(co)  can  be  consid¬ 
ered  as  containing  two  independent  peaks:  one  is  due  to  the 
triple  resonance  in  the  Raman  vertex  in  the  shaded  region 
in  Fig.  1,  and  the  other,  at  transferred  frequency  of  about 
3/,  is  due  to  the  magnon-magnon  scattering.  Suppose  we 
now  fix  CO  at  the  two-magnon  peak  frequency  --  3J,  and 
consider  the  variation  of  the  peak  amplitude  as  a  function 
of  the  incident  photon  frequency  co/.  Obviously,  this  am¬ 
plitude  will  by  itself  have  a  maximum  when  the  two  peaks 
in  R(co)  merge,  i.e.,  when  the  co  =  const  line  intersects  the 
region  of  triple  resonances.  From  Fig.  1  we  see  that  the  in¬ 
tersection  occurs  at  co^^^  »  2A  -f-  7.9/  which  is  very  close 
to  =  2A  +  8/,  where  the  particle  and  hole  are  excited 
near  the  tops  of  their  respective  bands.  We  calculated  the 
Raman  vertex  in  the  vicinity  of  the  intersection  and  found 
that  it  diverges  (in  the  absence  of  damping)  as 


M,  (eV) 


Fig.  2.  A  fit  to  the  experimental  dependence  of  the  inverse  two- 
magnon  peak  intensity  in  YBa2Cu306i  to  theoretical  If 
dependence. 


^max  _ 

(CO,-  -  cor)^^2- 


(1) 


The  3/2  power  of  the  denominator  in  (1)  is  due  to  triple 
resonance,  while  the  small  factor  in  the  numerator  comes 
from  the  vanishing  of  the  numerator  in  Raman  intensity 
(and  optical  absorption)  right  at  the  top  of  the  band  (i.e.  at 
k  =  o).  In  practice,  the  difference  between  and  cof^ 
can  be  neglected,  and  eqn  (1)  yields  inverse  square-root 
singularity  in  Mr,  which  implies  a  linear  singularity  in  the 
Raman  intensity,  R  |  M;?  P  |  co,-  -  co  |  "L 

In  Fig  2  we  fit  the  low -temperature  data  on  the  peak  in¬ 
tensity  in  YBa2Cu306,i  at  T  =  4  K  by  eqn  (1).  We  see  that 
the  fit  to  the  theoretical  dependence  is  quite  good.  The  in¬ 
verse  linear  dependence  starts  from  co,-  ~  2.5  eV  and  extends 
nearly  up  to  the  resonance  frequency  »  3. 1  eV.  The  ef¬ 
fects  of  fermionic  damping  are  probably  relevant  only  in  the 
immediate  vicinity  of  the  resonance.  We  consider  this  agree¬ 
ment  as  a  partial  verification  of  the  large  U  SDW  picture 
for  the  carriers,  which,  despite  much  theoretical  work,  has 
not  been  well-established  experimentally  in  these  materials. 
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Abstract— A  model  of  weakly  interacting  hole  quasiparticles  is  proposed  to  describe  the  normal  state  of  the 
high  temperature  superconductors.  The  effect  of  strong  correlations  is  contained  in  the  dispersion  relation 
of  the  holes,  which  is  obtained  using  numerical  techniques  applied  to  the  t-J  model.  Many-body  effects 
induce  anomalous  quasiparticle  flat  bands  similar  to  those  observed  in  recent  angle-resolved  photoemission 
experiments.  The  density  of  states  contains  a  large  peak  at  the  top  of  the  valence  band  that  induces  a  large 
critical  temperature  after  interactions  are  introduced.  The  model  predicts  superconductivity  in  the 
channel,  with  a  typical  Tc  of  about  lOOK.  The  concept  of  “optimal  doping”  appears  naturally  in  this  model, 
as  well  as  a  large  ratio  2^1  kTc  ~  5. 


In  this  paper,  a  novel  theory  of  hole  carriers  in  an  antiferro¬ 
magnetic  background  is  briefly  reviewed.  The  idea  has  been 
recently  introduced  by  the  authors  and  their  collaborators 
under  the  name  of  “Antiferromagnetic  van  Hove”  (AFVH) 
scenario  [1,2].  The  model  explains  in  a  natural  way  many 
anomalous  properties  of  the  cuprates,  and  it  predicts  the 
presence  of  d-wave  superconductivity,  as  well  as  the  exis¬ 
tence  of  an  optimal  doping  where  the  critical  temperature  is 
maximized.  The  main  assumption  is  that  the  normal  state 
of  the  cuprates  can  be  described  by  a  weakly-interacting 
dilute  gas  of  hole-quasiparticles.  The  influence  of  antifer¬ 
romagnetism  is  contained  in  the  special  dispersion  relation, 
e(k),  which  is  obtained  using  a  numerical  method  applied 
to  a  one  band  model  description  of  the  Cu02  planes,  and 
also  in  the  interaction  between  the  quasiparticles  which  is 
inspired  by  the  two  hole  problem  in  the  t-J  model.  The  hole 
density  of  states  (DOS)  contains  a  large  peak  at  the  top  of 
the  valence  band  that  enhances  the  superconducting  critical 
temperature.  The  main  unique  feature  of  this  novel  scenario 
is  that  it  combines  the  ideas  of  antiferromagnetism  induc¬ 
ing  superconductivity  [3],  with  the  van  Hove  (vH)  scenario 
ideas  to  enhance  superconductivity  [4]. 

Our  analysis  of  the  dispersion  e(k)  was  carried  out  using 
the  well-known  two  dimensional  t-J  model  on  large  clus¬ 
ters  [2].  The  main  effective  contribution  to  e(k)  arises  from 
hole  hopping  between  sites  belonging  to  the  same  sublattice. 
The  total  bandwidth,  W,  is  severely  reduced  from  that  of 
a  gas  of  non-interacting  electrons  due  to  the  antiferromag¬ 
netic  correlations,  as  was  extensively  discussed  in  previous 
literature  [5].  The  excellent  agreement  between  our  calcula¬ 
tions  and  experiments  regarding  the  presence  of  flat  bands 
in  hole-doped  cuprates  [6],  the  existence  of  a  small  band¬ 
width  in  the  insulator  Sr2Cu02Cl2,  and  antiferromagneti- 
cally  induced  bands  in  Bi2212  have  been  reviewed  by  Adri¬ 
ana  Moreo  et  ai.  elsewhere  in  this  volume,  and  we  refer  the 
reader  to  that  contribution,  as  well  as  published  literature 


[7],  for  more  details. 

Let  us  now  introduce  interactions  among  the  quasipar¬ 
ticles.  We  have  followed  ideas  based  on  antiferromagnetism 
to  produce  the  pairing  attraction  needed  for  superconduc¬ 
tivity.  However,  there  is  an  important  distinction  with  re¬ 
spect  to  previous  “AF-oriented”  literature  [3]:  the  DOS  of 
the  quasiparticles  has  a  large  peak  that  induces  in  a  natu¬ 
ral  way  the  existence  of  an  optimal  doping  i.e.  a  density  at 
which  the  critical  temperature  is  maximized.  Previous  AF 
scenarios  in  the  literature  do  not  explain  easily  the  presence 
of  an  optimal  doping  in  the  cuprates. 

Consider  the  rigid  band  approximation  for  the  hole  dis¬ 
persion  i.e.  we  assume  that  the  DOS  does  not  change  much 
with  doping  near  half-filling  (numerical  results  supporting 
this  scenario  will  be  published  soon).  To  build  up  a  model 
for  the  cuprates  we  construct  the  interaction  between  the 
quasiparticles  based  on  the  two  dimensional  t-J  model  [5]. 
As  shown  numerically  in  many  studies,  the  dominant  effec¬ 
tive  attraction  is  between  nearest-neighbors  sites.  Thus,  the 
model  we  will  use  in  our  analysis  is 

-X^pC^«Cp«- |K|X«i«j.  (1) 

P«  (ij) 

where  Cp„  is  an  operator  that  destroys  a  quasiparticle  with 
momentum  p  in  sublattice  a  =  A,  B;  ni  is  the  number  opera¬ 
tor  at  site  i;  \  V\  =0.67  (which  can  be  deduced  from  the  t-J 
model  as  discussed  in  Ref  [1]),  and  Cp  the  dispersion  eval¬ 
uated  in  Ref  [2].  This  Hamiltonian  has  been  constructed 
based  on  strong  AF  correlations,  and  it  has  a  vH  singular¬ 
ity  in  the  noninteracting  DOS,  thus  we  will  refer  to  it  as  the 
“antiferromagnetic-van  Hove”  (AFVH)  model. 

We  studied  the  AFVH  model  with  the  standard  BCS 
formalism.  Since  \  V\IW  --0.3,  where  W  is  the  bandwidth 
of  the  quasiparticles,  the  gap  equation  should  produce  a 
reliable  estimation  of  Tc  since  we  are  effectively  exploring  the 
“weak”  coupling  regime  of  the  AFVH  model.  Solving  the 


1709 


1710 


E.  DAGOTTO  et  al 


Fig.  1.  Critical  temperature  Tc  of  the  AFVH  model  as  a  function 
of  hole  density  x  =  1  -  <«)  (using  the  BCS  gap  equation).  The 
superconducting  state  is  d-wave. 

gap  equation,  we  observed  that  the  free  energy  is  minimized 
using  a  dx2^y2  order  parameter.  In  Fig.l,  Tc  against  the  hole 
density  is  shown.  Two  features  need  to  be  remarked:  (i) 
an  optimal  doping  exists  at  which  Tc  is  maximized  which 
is  a  direct  consequence  of  the  large  peak  in  the  DOS  of 
the  quasiparticles.  Such  a  peak  would  have  an  important 
effect  even  in  theories  where  the  hole  interaction  is  phonon 
mediated  rather  than  spin-wave  mediated.  In  other  words, 
one  of  the  main  concepts  introduced  in  Refs.  [2]  and  [1],  i.e. 
a  vH  singularity  generated  by  antiferromagnetism,  is  not 
restricted  to  models  where  superconductivity  is  produced  by 
an  electronic  mechanism;  ii)  the  optimal  doping  (15%)  and 
optimal  Tc  ~  lOOK  are  in  good  agreement  with  the  cuprates 
phenomenology.  Although  in  the  AFVH  model  the  natural 
scale  of  the  problem  is  /  ~  lOOOK,  since  the  ratio  between 
coupling  and  bandwidth  is  small,  T  is  further  reduced  in  the 
BCS  formalism  to  about  lOOK.  Note  that  this  quantitative 
agreement  with  experiments  is  obtained  without  the  need  of 
ad-hoc  fitting  parameters.  The  ratio  R(T)  =lti^niax{T)lkTc 
can  be  calculated  from  the  gap  equation,  (for  a  d-wave 
condensate,  AmaxiT)  is  defined  as  the  maximum  value  of 
the  gap).  At  r  =  0,  the  AFVH  model  predicts  R(0)  =  5.2 
while  recent  experiments  report  results  between  6.2  and  4.6 
[8]. 


Several  other  calculations  are  in  preparation  or  already 
published.  In  particular,  the  Hall  coefficient  at  finite  temper¬ 
ature,  specific  heat,  thermopower  coefficient,  the  possibility 
of  a  nonzero  isotope  effect  in  the  AFVH  scenario,  influ¬ 
ence  of  disorder  on  the  vH  singularity,  modifications  by  the 
presence  of  a  bilayer  Cu02  structure,  the  phenomenology 
of  the  d-wave  superconducting  model  eqn  (1),  and  many 
other  consequences  of  the  AFVH  ideas  have  already  been 
analyzed  by  our  group. 
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RAMAN  SCATTERING  IN  DISORDERED  UNCONVENTIONAL  SUPERCONDUCTORS 
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Abstract — A  theory  for  the  effect  of  impurity  scattering  on  electronic  Raman  scattering  in  unconventional 
superconductors  is  presented.  The  impurity  dependence  of  the  the  spectra  present  a  clear  qualitative  way  to 
distinguish  between  conventional  (anisotropic  s-wave)  or  unconventional  (rf-wave)  energy  gaps. 


Keywords:  -pairing,  disorder,  unconventional  superconductivity. 


It  was  shown  in  Ref.  [1]  that  the  symmetry-  (polarization-) 
dependence  of  the  Raman  spectra  can  be  a  powerful  tool 
to  examine  the  energy  gap  symmetry  in  anisotropic  super¬ 
conductors.  The  predictions  of  the  theory  for  clean  super¬ 
conductors  with  dx2^y2  pairing  symmetry  concerning  the 
peak  positions  and  power-law  rise  of  the  spectra,  provided 
good  agreement  with  the  data  on  three  cuprate  materials, 
YBa2Cu307,  Bi2Sr2CaCu208,  and  Tl2Ba2Cu06.  However, 
like  other  correlation  functions,  only  |  A(k)  1  could  be  de¬ 
termined  from  the  fit,  and  thus  it  could  not  be  ascertained 
whether  the  gap  changed  sign  around  the  Fermi  surface. 
While  certain  gaps  with  different  anisotropy  and  behavior 
near  the  line  nodes  lead  to  different  Raman  lineshapes,  in 
principle  an  anisotropic  extended  i’-wave  gap  which  pos¬ 
sesses  the  same  anisotropy  as  a  gap  with  dx2-y2  symmetry 
(or  at  least  with  a  minimum  gap  around  the  Fermi  sur¬ 
face  which  was  smaller  than  the  level  of  smearing  effects) 
would  give  the  same  lineshape  as  that  calculated  for  dy^-^^ 
pairing[l].  The  theory  also  failed  to  predict  any  Raman  in¬ 
tensity  in  the  normal  state  due  to  phase  space  restrictions 
(consequence  of  the  limit  q  0). 

These  deficiencies  can  be  readdressed  by  considering  im¬ 
purity  scattering[2,3].  The  Raman  response  can  be  written 
as 


/n) 

=  “T’X  Z  Try(\i)fzG(k,  /a))t3y(k)G(k,  i(jo  -  /Q),(l) 

JO)  k 


where  Tr  denotes  the  trace,  t  are  Pauli  matrices,  and  y 
is  the  bare  Raman  vertex,  y(k)  =  p  Z,j,v  for 

a  given  band  structure  e(k)  and  incident  e*  and  scattered 
polarization  light  vectors.  We  use  the  standard  weak 
coupling  BCS  Green’s  function  dressed  by  the  T -matrix 
impurity  self  energy, 


G{k,  ivo)  = 


iCb  +  6(k)t3  +  A(k)ti 
(/(b)2  -6(k)2  -  A(k)2' 


(2) 


where  the  tilde  indicates  the  renormalized  frequency, 
gap,  and  band  energy:  iCb  =  iw  -  lo(fd)),  A(k)  = 
A(k)+Si(/cu),  e(k)  -  e(k) -23 (/d)).  For  particle-hole  sym¬ 
metric  systems,  the  matrix  self  energy  is  given  in  terms  of  the 
integrated  Green’s  function  gidoo)  =  Xk  TrfiG{k,  iw) 
as 


i(/cu)  =r 


go(/a))to  +gi(/co)ti 

(P--g^(iw)  -^giiiw) 


—  2oto  +  2iTi. 


(3) 


As  discussed  in  Ref.  [4],  the  off-diagonal  self  energy  2i 
is  zero  only  for  odd-parity  states  or  states  which  possess 
reflection  symmetry  such  as  dxi-yi  or  dxy. 

The  results  of  the  theory  with  the  inclusion  of  impurity 
scattering  in  the  unitary  (c  =  0)  limit  are  shown  in  Fig.  1  for 
polarization  orientations  which  select  B[g[y((f>)  =  cos(2</))] 
and  B2g[y(<p)  -  sin(20)]  channels.  The  top  panels  in  Fig. 
1  were  obtained  for  an  energy  gap  A(</))  =  Aocos(2</))  of 
dx2-y2  symmetry,  while  the  bottom  panels  are  for  A(</))  = 
Ao  I  cos(2</))  I,  which  possesses  anisotropic  .y-wave  sym¬ 
metry.  The  main  difference  for  and  anisotropic  s- 

pairing  can  be  seen  in  (1)  the  relative  anisotropy  of  the  peak 
positions,  and  (2)  the  low  frequency  behavior  of  the  spectra 
in  each  channel.  As  a  consequence  of  the  gap  renormaliza¬ 
tion  for  anisotropic  s-  superconductors,  the  gap  becomes 
averaged  out  by  the  disorder  and  a  threshold  develops  at 
Wg  =  2A^/„[4].  This  leads  to  a  reduction  of  the  relative  peak 
positions  for  the  Big  and  B2g  channels  compared  to  dx2-y2. 
As  the  disorder  is  increased,  the  peak  positions  will  coalesce 
and  the  spectra  recovers  a  channel  independent,  isotropic 
5-wave  form  [3]. 

The  low  frequency  behavior  of  the  channel  dependent 
spectra  is  shown  in  the  insets  of  Fig.  1.  For  dxi-yi  pair¬ 
ing,  while  the  low  frequency  behavior  remains  linear  in  fre¬ 
quency  for  the  B2g  channel,  below  a  characteristic  frequency 
CO*  ~  vTA  the  behavior  changes  from  co^  to  linear  in  co 
for  the  Big  channel.  This  is  due  to  a  nonzero  density  of 
states  at  the  Fermi  level,  which  allows  for  normal-state-like 
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Fig.  1.  Raman  response  for  channel  (left  panel)  and  Big  channel  (right  panel)  for  various  values  of  F/Ao  given  in  the  Figure.  The 
top  panels  are  for  anisotropic  s— wave  superconductors  while  the  bottom  panels  are  for  0^.2 pairing. 


behavior  to  be  recovered  [5].  As  in  the  case  of  the  penetra¬ 
tion  depth[6],  the  scale  cu*  grows  with  increasing  impurity 
concentrations.  However,  the  exponent  is  symmetry  depen¬ 
dent  (remains  1  for  Big  and  A\g  channels,  while  decreases 
from  3  to  1  for  the  B\g  channel)  and  is  thus  unlike  the  pen¬ 
etration  depth.  This  is  in  marked  contrast  to  the  impurity 
dependence  of  the  spectra  for  anisotropic  5  gap.  The  low 
frequency  behavior  is  dominated  by  the  threshold  in  this 
case  for  all  channels.  Moreover,  the  impurity  dependence  of 
the  Big  channel  is  opposite  to  what  one  would  expect  if  the 
gap  was  anisotropic  5-wave.  Thus  impurity  scattering  may 
provide  a  clear  qualitative  way  of  distinguishing  energy  gaps 
of  different  symmetry. 
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M.  V  EREMIN,  S.  G.  SOLOVJANOV  and  S.  V.  VARLAMOV 
Kazan  State  University,  420008  Kazan,  Russia 


Abstract — We  have  calculated  the  energy  dispersions,  spectral  weights  and  density  of  states  for  two  relevant 
bands  near  the  Fermi  level  in  layered  cuprates.  Calculated  energy  dispersion  and  density  of  states  seem  to 
be  consistent  with  the  photoemission  data. 

Keywords:  Layered  cuprates,  strong  correlations,  energy  dispersion. 


The  photoemission  data  give  the  evidence  for  an  unusual 
narrow  band  near  the  Fermi  level  in  doped  cuprates.  We 
refer  this  band  to  an  oxygen  hole  motion  on  a  background 
of  copper  sites,  the  oxygen  hole  spin  having  a  strong  singlet 
coupling  to  the  copper  spin.  The  calculations  of  energy  dis¬ 
persion  showed  [1,2]  that  this  band  is  indeed  narrow  and 
well  consistent  with  the  photoemission  data  [3]  within  the 
experimental  accuracy.  Here  we  report  new  variant  calcu¬ 
lations  of  the  energy  dispersion,  when  the  singlet  copper- 
oxygen  state  is  assumed  to  be  a  combination  of  Zhang-Rice 
singlet,  {S  =  0)  and  neutral  oxygen. 

We  start  from  the  ordinary  Hamiltonian,  including 
Coulomb  repulsion  and  hopping  terms.  The  basis  of  wave 
functions  is  as  follows: 

I  (Td  >=  \ap  >=  >  \dd  >  =  d^dt\0  >, 

\pp>=  ptpt\^>,  \pd  >=  -  P'1  d^)\Q>, 


and  Edd  ,  Epp  and  Epd  are  determined  by  equation 


Idd  +  26rf  —  E  0 

0  Ipp  +  2Ep  —  E  V24 
^/2^o  dpd  €p  •¥  ^d  —  E 


=  0. 


Ed  and  €p  are  the  energies  of  copper  and  oxygen  holes,  Idd, 
Ipp,  Ipd  are  Coulomb  repulsion  parameters,  k  =  -2\otpd  is 
hybridization  parameter. 

It  is  clear  that  the  low  quasiparticle  excitation  energies 
are  Epd  -  Ep,  Ed  and  Epd  -  Ed^  For  an  isolator,  the  band 
Ed  is  fully  occupied, so  it  is  natural  to  call  it  as  the  lower 
"copper  Hubbard”  band.  The  band  Epd  -  Ed  corresponds 
to  the  singlet  correlated  oxygen  band  [1,2].  Both  bands  have 
unusual  features.  Let  us  write  down  the  equation  for  the 
chemical  potential.  The  completeness  condition  is  fulfilled 
in  following  form: 

qjO.O  ^  ^jpd.pd  _ 


where  |0  >  is  vacuum,  which  corresponds  to  Cu'^id^^)  state, 
d^  is  a  creation  operator  for  copper  hole  in  \x^  -y^  >  state 
and  is  a  Wannier-like  operator  for  oxygen  hole  [4]. 

In  order  to  calculate  the  quasiparticle  spectrum  we 
perform  three  successive  transformations.  After  the  first 
Hubbard-like  transformation,  we  do  the  second  canonical 
transformation  of  the  type 

=  CdX^^‘^  -f  CpX^P’^, 

=  CddX^^'^  +  CpdXP'^-^  +  CppXP^-\ 

As  a  result  of  such  two  trannsformations,  the  one-site 
Hamiltonian  is  diagonalized  and  can  be  written  as: 

/fo  =  X  -^EpY,  4-  Eddip'^^^'"^^ 

+EpdiJJ^'^'^'^  +  EppifjP^^P. 

Here 

Ed,p  =  ± 


and  anticonunutator  relations  are: 

[ ^p^  ijj^P’P^  ]  +  =  <  >, 

=  i  +  I  = 

First  of  all  we  see  that  at  the  number  of  extra  hole  per 
site  5  =  0  we  get  exactly  Hubbard-like  isolator.  So  the 
problem  disappears  which  took  place  in  early  of  charge 
transfer  isolator  theory.  On  the  basis  of  relations  one  can 
find  the  spectral  weight  (number  of  occupied  states  over 
number  of  allowed  states  )  of  singlet  correlated  band  as  ^  = 
25/(1  +  5).  For  so  called  electron-doped  layered  cuprates 
the  carriers  reside  at  Ed  band  only.  Using  then  5  -  -5e  one 
has/rf  =  (l-5e)/(l  +  5,). 

The  energy  dispersion  of  the  bands  =  Ed  and  e*  = 
Epd  ~  Ed  are  described  by  the  hopping  Hamiltonian: 

Hhop  =  + 
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Fig.  1.  The  energy  dispersions  singlet  correlated  oxygen  band 
(a)  in  Brilllouin  zone,  (b)  along  the  line  -n  <ky  k-xt. 


(2) 

Fig.  2.  Calculated  energy  dispersion  for  copper-character  band 
(a)  in  Brillouin  zone,  (b)  along  the  line  -tt  <ky  <tt. 


The  values  of  transfer  integrals  are  given  in  Table.  They  are 
calculated  by  using  the  following  parameters  in  eV:  tpd  = 
=  0.6,  =  0.25.  and  polaronic  reduction  factor 

equals  0.32.  The  coefficients  Cp,  Cd,  Cdd,  Cpp,  Cpd  were  calcu¬ 
lated  at  Sp-  Ed  =  2.5,  Idd  =  6,  Ipp  =  3  and  Ipd  =  -2.  After 
Fourier  transformation,  the  Hamiltonians  yield  the  follow¬ 
ing  quasiparticle  energies 

where  y  is  the  doping  dependent  factor, 

€pk  =  +  Ppdtk  \  ^dk  =  +  ^dtk  ^ 

The  dispersion  pictures  of  these  bands  are  shown  in  Figs 

1  and  2.  The  density  of  states  is  given  in  Fig.  3.  We  see  in 
these  Figures  that  the  singlet  correlated  band  has  two 
peaks  in  a  density  of  states.  One  of  those  peaks  corresponds 
to  an  extended  saddle  point  singularity,  whereas  another 
one  is  connected  with  the  wings  [see  Fig.  1(a)].  The  saddle- 
peak  singularity  is  well  known  from  the  photoemission  data 
[5,6],  and  the  wings-peak  is  a  prediction  of  our  calculations. 
This  singularity  is  indebted  to  the  hybridization  of  €dk  and 
Epic  bands.  The  shape  of  the  peak  is  very  sensitive  to  the  val¬ 
ues  of  .  Another  important  thing  we  see  in  Figs  1  and 

2  is  that  the  Fermi  surfaces  of  the  p-type  and  n-type  bands 
can  be  similar  to  each  other.  Indeed,  for  <  —0.2eV) 
and  {ef  <  -\,2eV)  in  the  Figs  1  and  2  one  has  almost 


Fig.  3,  Calculated  density  of  states  (DOS)  for  both  bands 
and  . 


identical  similar  open  Fermi  surfaces,  which  seem  to  be 
consistent  with  those  observed  by  photoemision  [7]. 
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Table  1 .  The  transfer  integrals  in  meV 


fixity 

1 

2 

1 

2 

1 

2 

0 

106.6 

tnlny 

19.5 

91.6 

Itlx.ny 

13.2 

128.4 

~jn) 

inx.rty 

20.3 

1 

-26.4 

0.6 

-6.4 

2.2 

-17.3 

2.2 
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Abstract — ^A  method  of  measuring  the  angle-resolved  magnitude  and  relative  phase  of  the  energy  gap  in  a 
high-temperature  superconductor  is  suggested  for  electron  energy  loss  spectroscopy  (EELS). 
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Off-specular  electron  energy  loss  spectra  should  sho\v  a 
quasiparticle  pair  production  threshold  feature  similar  to 
the  specular  feature  associated  with  the  gap.  Unlike  the 
specular  feature[l-3],  which  reflects  an  average  of  the  gap 
over  the  (normal)  Fermi  surface,  the  energy  loss  of  the  off- 
specular  feature  depends  on  the  superconducting  energy  gap 
at  only  two  locations  on  the  Fermi  surface[4].  The  onset 
of  the  feature  reflects  the  relative  phase  between  these  two 
points.  This  result  is  independent  of  surface  characteristics. 
Such  characteristics  affect  the  magnitude  of  the  off-specular 
feature,  not  its  location  or  onset. 

Angle-resolved  off-specular  electron-energy-loss  spec¬ 
tra  are  sensitive  to  quasiparticle-pair-creation  scattering 
processes  through  the  imaginary  part  of  the  polarizabil¬ 
ity  Im/S;t(Q^  to).The  differential  probability  of  scattering 
an  electron  into  final  angle  D  with  energy  transfer  60 

S j dO^duo)  is  proportional  to  InLP^Sft  (Q>  cu).The  sensitiv¬ 
ity  of  the  polarizability  to  the  angle-resolved  gap  magnitude 
and  phase  was  first  identified  in  an  analysis  of  phonon  self- 
energies[5,6]  in  high- temperature  superconductors.  The  two 
quasiparticles  created  in  the  lowest-energy  pair-production 
scattering  process  must  be  created  at  (or  very  near)  the 
Fermi  surface.  In  a  material  with  a  quasi-two-dimensional 
Fermi  surface,  there  is  usually  only  one  way  to  create 
two  quasiparticles  such  that  the  momentum  transfer  is  Q 
and  the  quasiparticles  are  on  the  Fermi  surface.  The  pair- 
production  threshold  energy,  A(Q),  is  determined  by  the 
sum  of  the  gap  magnitudes  at  the  two  places  on  the  Fermi 
surface  where  quasiparticles  are  created.  If  there  is  more 
than  one  way  to  produce  a  pair  of  quasiparticles  at  the 
Fermi  surface,  then  there  is  more  than  one  quasiparticle 
pair  production  threshold.  Excluding  accidental  degenera¬ 
cies,  each  threshold  will  produce  a  distinct  onset  feature  in 
the  EELS  spectrum. 

On-specular  EELS  has  been  successfully  performed 
onBi2Sr2CaCu208[l-3],  but  these  near-zero-momentum 
scattering  processes  yield  features  which  depend  on  an  av¬ 
erage  of  the  gap.  Sharp  features  should  appear  in  the  loss 
spectra  at  the  (momentum-dependent)  minimum  energy 


Fig.  1.  (a)Fermi  surface  of  Bi2Sr2CaCu208[5]  with  a  momen¬ 
tum  transfer  shown  (qn)  which  would  connect  nodes  in  a 
gap.(b)Feature  in  the  loss  spectrum  (normalized  to  metallic 
value)which  would  indicate  relative  phase  of  0  (solid)  and  tt 
(dashed)  between  the  gaps  at  the  two  places  quasiparticles  are 
created. 

A(Q)  to  create  an  electron-hole  pair.The  minimum  loss 
A(Q)  for  an  electronic  scattering  event  with  momentum 
transfer  Q  would  depend  on  the  sum  of  the  gap  magnitudes 
at  the  two  points  on  the  quasi-two-dimensional  Fermi 
surfacewhere  quasiparticles  are  created. 

A  momentum  transfer  of  interest,  qn  =  0.97t,  is  shown 
on  the  Fermi  surface  of  Bi2Sr2CaCu208  in  Figure  1.  This 
momentum  transfer  would  connect  nodes  in  a  dxi-yi  gap. 

The  polarizability  co)in  the  superconducting 

state  can  be  considered  to  arise  from  two  contributions. 
There  is  a  “normal”  polarization,  where  the  vertex  creates 
an  electron  and  hole,  which  recombine  at  the  other  vertex. 
There  is  also  an  “anomalous”  polarization,  where  the  ver¬ 
tex  creates  an  electron  and  hole,  the  electron  (hole)  turns 
into  a  hole  (electron)  through  interaction  with  the  gap,  and 
then  they  recombine  at  the  other  vertex.  The  phase  of  the 
gap  affects  only  the  anomalous  process,  which  depends  on 
the  relative  phase  A<t>  of  the  gap  at  the  two  points  where 
quasiparticles  are  created.  The  sum  of  thes  e  two  pro¬ 
cesses,  at  the  threshold  for  electronic  scattering  processes, 
determines  the  size  of  the  discontinuous  onset  in  the  differ¬ 
ential  scattering  probability.  The  ratio  of  the  discontinuity, 
A(d^ S I dQdcjo), to  the  normal-state  differential  probability 
at  Tcyd^SNldQdw,  is 
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Ajd^SIdC^dw)  n  2  ( ^\ 
d^Sffldadw  “  2  V  2  j  ■ 


(1) 


The  differential  scattering  probability  per  unit  energy  and 
angle  at  T  =  Ois  plotted  in  Figure  2  for  relative  phases  of  0 
(solid  line)  and  Tr(dashed  line).  The  full  energy  dependence 
for  arbitrary  relative  phase  at  T  =  0  is 


d^S{w)ldCldco 

d^SN(w)ldD.dix) 


0(0) -A(Q)) 
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where  E  and  K  are  complete  elliptic  functions  and0  is 
the  Heavyside  step  function. 

A  check  for  d^i-^  symmetry  is  that  the  onset  of  a  gap 
feature  for  all  scattering  momenta  parallel  to  the  F  -  M 
direction  should  be  sharp  (A(f>  =  0).  The  onset  for  scattering 
momenta  parallel  to  T  -  X  should  be  smooth  and  weak 

(A0  =  7T). 

By  measuring  the  shape  and  energy  of  the  onset  of  quasi 
particle  pair  production  using  EELS,  the  magnitude  and 
phase  of  the  energy  gap  should  be  mappable  around  the 
Fermi  surface. 
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Abstract — ^The  electronic  structures  of  Lai-;cBa;cMn03  are  calculated  by  using  the  all-electron  full-potential 
LAPW  method  in  the  local  spin-density  approximation.  The  Jahn-Teller  distortion  is  very  important  to  give 
rise  to  the  A-type  antiferromagnetic  ground  state  and  the  energy  band  gap  for  LaMn03.  The  ferromagnetic 
state  is  stabilized  for  Lai-xBa;cMn03  without  the  Jahn-Teller  distortion. 


Keywords:  Band  structure  calculation,  Jahn-Teller  distortion,  Lai-xBaxMn03. 


L  INTRODUCTION 

The  Lai_xSrxMn03  system  receives  much  attention  due  to 
the  extremely  giant  magnetoresistance  [1]  and  the  structural 
phase  transition  induced  by  an  external  magnetic  field  [2]. 
The  mother  system,  LaMn03,  has  four  d  electrons  with  a 
configuration  of  da^dy^;  therefore,  a  Jahn-Teller  distortion 
of  the  oxygen  octahedron  occurs  within  the  ab  plane  of  the 
orthorhombic  lattice.  The  system  is  an  antiferromagnetic 
insulator.  With  doping  it  with  holes,  it  becomes  a  ferro¬ 
magnetic  metal  at  hole  concentrations  more  than  0.16.  A 
structural  phase  transition  from  the  orthorhombic  to  the 
rhombohedral  structure  takes  place  at  nearly  the  same  hole 
concentration  at  which  the  magnetic  phase  transition  takes 
place.  There  is  no  Jahn-Teller  distortion  in  the  rhombohe¬ 
dral  structure. 

In  this  paper,  we  demonstrate  a  close  relation  between 
the  magnetic  structure  and  the  Jahn-Teller  distortion  by 
the  first-principle  total-energy  band  structure  calculation 
in  the  local  spin-density  approximation  (LSDA).  For  the 
calculation,  we  take  the  Lai_xBaxMn03  system,  which  is 
treated  in  the  virtual  crystal  approximation. 


2.  ELECTRONIC  STRUCTURE  OF  LaMnOs 

The  crystal  of  LaMn03  takes  an  orthorhombic  structure 
distorted  from  an  ideal  cubic  structure.  A  Mn~0  distance  on 
the  ab  plane  is  0.29  A  longer  than  the  other  Mn-0  distance 
[3].  The  Jahn-Teller  distortion  splits  the  dy  (eg)  level  into 
two  levels  below  and  above  the  Fermi  level.  The  density  of 
states  is  shown  in  Fig.  1.  The  0  2p  states  are  located  below 
~2.4  eV;  the  Mn  da  (t2g)  states  from  -2.3  eV  to  -1.3  eV; 
the  Mn  dy  states  from  -0.9  eV  to  1.6  eV  with  a  0.2  eV 
gap  around  the  Fermi  level.  Two  high  peaks  around  1  eV 
are  the  opposite-spin  Mn  da  states,  and  the  opposite-spin 
dy  states  are  located  above  1 .9  eV.  The  large  peak  around 


Fig.  1 .  The  density  of  states  of  A-type  antiferromagnetic  LaMn03 
in  the  orthorhombic  structure  with  the  Jahn-Teller  distortion.  The 
zero  of  energy  is  the  Fermi  level. 


Table  1.  Total  energies  (meV/formula-unit)  of  various  magnetic 
configurations  measured  from  the  most  stable  configuration  for 
LaMn03  with  and  without  the  Jahn-Teller  distortion(JTD),  re¬ 
spectively.  In  three  types  of  antiferromagnetic  (AF)  configuration, 
the  nearest  magnetic  moments  are  arranged  in  parallel  direction 
within  an  ab  plane  for  A-type  AF  and  along  the  c  axis  for  C-type 
AF,  and  otherwise  in  antiparallel  direction. 


with  JTD 

without  JTD 

Ferro. 

18  meV 

0 

A-type  AF 

0 

1  meV 

C-type  AF 

52  meV 

- 

G-type  AF 

42  meV 

- 

3  eV  is  La  4/  states.  The  Jahn-Teller  splitting  \ndy  states  is 
estimated  as  1.2  eV,  which  is  not  small  in  comparison  with 
the  octahedral  crystal  field  splitting  of  1.8  eV.  If  we  assume 
a  crystal  structure  without  the  Jahn-Teller  distortion,  we 
do  not  obtain  a  energy  band  gap  at  the  Fermi  level. 

The  Jahn-Teller  distortion  is  important  also  to  give  rise 
to  the  correct  A-type  antiferromagnetic  ground  state.  Table 
1  shows  the  total  energies  in  various  magnetic  structures. 
Although  the  A-type  antiferromagnetic  configuration  is  the 
ground  state  with  the  Jahn-Teller  distortion,  the  ferromag¬ 
netic  configuration  becomes  slightly  lower  in  energy  than 
the  A-type  antiferromagnetic  configuration  without  the  dis¬ 
tortion. 
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Table  2.  Relative  total  energies  (meV/formula-unit)  of  fer¬ 
romagnetic  and  A-type  antiferromagnetic  configurations  for 
Lao.5Bao.5Mn03  with  and  without  the  Jahn-Teller  distor- 
tion(JTD),  respectively. 


With  JTD 

Without  JTD 

Ferro. 

7meV 

0 

A-type  AF 

0 

24  meV 

3.  ELECTRONIC  STRUCTURE  OF  Lai-^Ba^Mn03 

The  crystal  structure  of  Lai-xBuj^MnOa  changes  from 
orthorhombic  through  rhombohedral  to  cubic  with  increas¬ 
ing  the  Ba  concentration,  x.  However,  in  order  to  study  the 
effect  of  the  Jahn-Teller  distortion  on  the  magnetic  struc¬ 
ture,  the  same  orthorhombic  structures  as  in  the  case  of 
LaMn03  are  assumed  for  Lao.5Bao.5Mn03.  The  band  struc¬ 
ture  calculation  has  been  performed  in  the  virtual-crystal 
approximation;  i.e.  a  virtual  atom  with  a  non-integer  nu¬ 
clear  charge  between  56(Ba)  and  57(La)  is  put  at  the  La/Ba 
site.  As  shown  in  Table  2,  the  ferromagnetic  configuration 
is  higher  in  energy  than  the  A-type  AF  configuration  with 
the  Jahn-Teller  distortion,  while  the  ferromagnetic  struc¬ 
ture  becomes  lower  without  the  Jahn-Teller  distortion  in 
agreement  with  the  experiment. 

In  the  ferromagnetic  phase,  the  density  of  states  at  the 
Fermi  level  is  non-zero  only  for  majority  spin;  i.e.  the  system 
is  half-metallic.  This  is  a  band  theoretical  picture  for  Zener’s 
double  exchange  mechanism  [4].  The  ferromagnetic  state  is 
stabilized  by  a  broad  conduction  band  consisting  of  the  dy 
states,  which  favors  an  undistorted  structure.  The  crystal 
structure  is  cubic  at  x  >  0.35  [5]. 

4.  CONCLUDING  REMARKS 

We  have  demonstrated  that  details  of  the  crystal  struc¬ 
ture  affect  the  electronic  structure  by  the  first-principle  band 
structure  calculation.  For  LaMnOs,  which  is  a  system, 
the  Jahn-Teller  distortion  is  very  important  to  determine  the 
stable  A-type  AF  structure  and  the  insulating  nature.  For 
Lao.5Bao.5Mn03,  the  distortion  prevents  the  system  from 
stabilizing  the  the  ferromagnetic  state.  Such  an  interplay  of 
the  lattice  structure  and  the  magnetic  structure  is  very  com¬ 
mon  and  remarkable  in  perovskite  transition-metal  oxides. 
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Abstract — ^Tunneling  spectroscopy  of  anisotropic  superconductors  is  theoretically  investigated.  Contrary  to 
the  case  of  isotropic  superconductors,  the  tunneling  spectrum  of  anisotropic  superconductors  does  not  always 
correspond  to  the  bulk  density  of  states.  In  the  case  of  a  rf-wave  superconductor,  the  spectra  show  zero-bias 
conductance  peaks  when  the  a-axis  is  not  normal  to  the  surface.  The  physical  origin  of  the  peaks  in  the 
tunneling  spectra  is  discussed  in  terms  of  surface  bound  states. 


1.  INTRODUCTION 

The  symmetry  of  the  pair  potential  in  high-Ti  supercon¬ 
ductors  is  a  controversial  problem,  although  many  tunnel¬ 
ing  experiments  have  been  made.  For  example,  conductance 
spectra  with  flat  bottoms  are  rarely  observed.  Instead,  ex¬ 
perimental  data  often  show  zero-bias  conductance  peaks.  In 
this  paper,  we  present  a  new  tunneling  theory  for  anisotropic 
superconductors  by  extending  the  theory  of  Blonder  et  al 
[1]  to  include  the  k-dependence  ofthe  pair  potential.  Con¬ 
trary  to  the  conventional  classical  theory,  the  conductance 
spectra  do  not  always  correspond  to  the  bulk  density  of 
states.  The  discrepancy  originates  from  the  formation  of  dis¬ 
crete  bound  states  at  the  surface  of  superconductors.  The 
relationship  between  surface  bound  states  and  the  tunnel¬ 
ing  spectrum  is  discussed  using  a  quantum  condition.  Our 
discussion  is  restricted  to  the  case  at  0  K. 


2.  TUNNELING  CONDUCTANCE 

We  assume  a  two-dimensional  normal-insulator- 
superconductor  (N-I-S)  junction  with  perfectly  flat  inter¬ 
faces.  The  pair  potential  is  assumed  to  have  k-dependence 
A(k),  where  k  is  the  wave- vector  of  the  quasiparticle. 
The  Fermi  wave-number  hr  and  the  electron  mass  m  are 
assumed  to  be  equal  in  all  regions.  The  potential  of  the 
insulator  is  represented  by  delta-function  with  amplitude 
H,  When  quasiparticles  are  injected  from  the  normal  metal 
side  with  an  angle  j?,  they  are  transmitted  to  the  super¬ 
conductor  as  electron-like  quasiparticles  of  wave-vector  k+ 
and  hole-like  quasiparticles  of  wave- vector  k-.  These  two 
types  of  quasiparticles  feel  different  pair  potentials, 

A(k±)  s  |A±|exp(i^±).  (1) 

In  this  situation,  the  normalized  conductance  (T{eV,  P) 
of  the  N-I-S  junction  is  calculated  as  [2], 


(i  +  z^)(i  +  iuh  +  z^(i-iur-p) 
(T(eV.P)-  i+221-r+r_expi(-0+  +  0-)P 


(2) 


Here, 


eK- V(eK)^-  |A±P 
lAJ 
mH 
cos  p’ 

with  V  being  the  bias  voltage.  The  experimental  conduc¬ 
tance  spectra  a{eV)  can  be  calculated  by  integrating  the 
conductance  with  respect  to  the  angle  P  using  an  appropri¬ 
ate  weighting  function  Dip)  whose  functional  form  depends 
on  the  geometry  of  the  junction  [3], 

TT 

2 

a{eV)  =  ^  D(p)a(.eVJ)dp.  (3) 

Figure  1  shows  the  comparison  of  the  bulk  density  of 
states  with  the  calculated  conductance  spectra  of  a  dx2-y2- 
wave  superconductor.  The  conductance  spectrum  shows  a 
BCS-like  gap  structure  for  the  a-axis  normal  to  the  inter¬ 
face,  while  it  shows  a  zero-bias  conductance  peak  for  the 
fl-axis  tilted  by  7r/4  from  the  surface  normal.  Both  conduc¬ 
tances  are  not  identical  to  the  bulk  density  of  states.  The 
comparison  between  experimental  data  with  the  calculation 
is  given  in  Ref.  [3]. 


3.  SURFACE  BOUND  STATES 

The  property  of  conductance  spectra  in  Fig.  1  is  well  un¬ 
derstood  in  terms  of  the  surface  bound  states.  At  the  surface 
of  the  superconductor,  the  quasiparticles  alter  their  wave- 
vector  by  specular  reflections.  Accordingly,  the  effective  pair 
potentials  felt  by  the  quasiparticles  change  through  the  re¬ 
flection.  The  surface  corresponds  to  a  node  of  the  pair  po¬ 
tential  surrounded  by  two  pair  potentials  A(k+)  and  A(k-). 
We  call  this  structure  a  pseudo-quantum  well  (PQW)  [4].  In 
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Fig.  1.  Conductance  spectra  and  density  of  states  of  i42_^-wave 
superconductors,  (a)  Crystal  a-axis  being  normal  to  the  interface, 
(b)  a-axis  being  tilted  by  7r/4  from  the  surface  normal,  (c)  densoty 
of  states. 


this  PQW,  discrete  bound  states  are  formed  and  they  serve 
as  a  channel  for  the  current  flow  just  like  the  case  of  res¬ 
onant  tunneling  process.  Thus  the  conductance  spectrum 
of  the  N-I-S  junction  has  peak  at  the  energy  levels  of  the 
surface  bound  states. 

To  see  clearly  the  role  of  the  bound  states,  the  supercon¬ 
ductor  is  assumed  to  have  two-dimensional  s  +  i^/^^-wave 
symmetry.  The  amplitude  ratio  of  5-wave  component  rel¬ 
ative  to  t/-wave  component  is  changed  using  a  parameter 
«(!>«>  -1), 


A((p)  +  2iVl  “  0(2  sin(2q?)L 


(4) 


where  <p  is  the  angle  between  the  wave-vector  k+  and  a- 
axis  of  the  superconductor.  For  a  fixed  injection  angle  P  - 
Tr/12,  A(k+)  =  MP)  and  A(k-)  =  A(7t  -  =  A(-^). 

The  energy  levels  of  the  bound  states  in  the  PQW  can  be 
calculated  using  a  quantum  condition  [4].  The  bound  states 
are  classified  into  two  types  according  to  the  direction  of 
net  current:  p-process  bound  states  (PBS)  and  n-process 
bound  states  (NBS).  PBS  and  NBS  carry  the  net  current 
along  opposite  directions.  Figure  2  shows  the  dependence  of 
surface-bound-state  levels  on  a.  Only  when  a  is  an  integer, 
the  enrgy  levels  of  PBS  and  NBS  are  degenerate.  When  a  = 
0,  the  mid-gap  states  are  formed  at  the  Fermi  Level  (FL). 

Figure  3  shows  the  conductance  spectra  calculated  form 
eqn  (2)  for  various  a  values.  When  a  =  1,  the  conductance 
spectrum  has  peaks  at  Ao/e  [Fig.  3(a)],  which  reflect  the 
degenerated  bound  states  at  ±Ao  at  the  surface  [Fig.  2(a)]. 
With  increasing  a,  the  voltage  at  the  peak  becomes  smaller 
[Fig.  3(b)]  because  of  the  decrease  of  bound  states  levels 
[Fig.  2(b)].  When  of  =  0,  the  peak  exists  at  the  zero-bias 


Fig.  2.  Dependence  of  surface-bound-state  an  a.  Solid  line  rep¬ 
resents  the  bound  states  for  n-process  and  the  dotted  line  for  p- 
process.  Closed  circles  indicate  the  degenerated  bound  states.  For 
lines  (a)-(d),  see  Fig.  3. 


Fig.  3.  Conductance  spectra  for  aieV.nlM)  for  various  a:  (a) 
a  -  1;  (b)  a  =  0.5;  (c)  a  =  0;  (d)  a  ~  0.5.  Compare  the  peak 
voltages  in  the  spectra  with  the  bound  state  levels  marked  by  the 
lines  (a)-(d)  in  Fig.  2. 


level  [Fig.  3(c)]  reflecting  the  formation  of  mid-gap  states 
[Fig.  2(c)].  When  (X  is  a  negative  value,  PBS  exists  below 
FL,  and  NBS  above  FL  [Fig.  2(d)].  They  cannot  contribute 
to  the  current  flow,  since  the  connection  of  the  injected 
quasiparticles  to  these  bound  states  breaks  the  conservation 
law  of  the  group  velocity.  The  physical  meaning  is  that  the 
flow  direction  of  current  in  the  bound  states  does  not  match 
the  direction  of  injected  electrons.  Thus  the  peaks  in  the 
conductance  spectra  do  not  appear  [Fig.  3(d)]. 

The  peaks  in  the  conductance  spectra  indicate  the  exis¬ 
tence  of  both  PBS  above  FL  and  NBS  below  FL  at  the 
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surface.  PBS  below  FL  and  NBS  above  FL  contribute  to 
the  density  of  states,  but  not  to  the  conductance  of  N-I-S 
junctions. 


4.  SUMMARY 

The  conductance  spectra  of  anisotropic  superconductors 
are  discussed  in  terms  of  surface  bound  states.  The  peak 
structures  in  the  conductance  spectra  indicate  the  existence 
of  surface  bound  states.  The  direction  of  electron  flow  have 
importance  meaning  for  the  tunneling  spectra  in  the  case 
of  .s  +  ii4j,-wave  symmetry  superconductors. 
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EFFECT  OF  IMPURITY  SCATTERING  ON  A  ^/  +  5  WAVE  SUPERCONDUCTOR:  LOW 
TEMPERATURE  BEHAVIOR  OF  PENETRATION  DEPTH 

HEESANG  KIM  and  E.  J.  NICOL 
Department  of  Physics,  University  of  Guelph,  Guelph,  ON,  NIG  2W1  Canada 


Abstract — Currently  there  exist  several  experimental  reports  on  high-rc  oxides  which  favor  iZ-wave  order 
parameter  symmetry.  However,  several  others  would  support  an  5'-wave  gap.  Recent  measurements  of  the 
penetration  depth  in  YBa2Cu307_6  single  crystals  show  large  differences  in  a  and  b  directions  in  the  basal 
plane,  which  implies  that  orthorhombicity  due  to  the  chains  is  not  small.  As  an  attempt  to  understand 
current  experimental  results  we  consider  an  order  parameter  with  d  s  wave  symmetry,  which  can  arise 
naturally  as  a  deviation  from  ^/-wave  due  to  the  presence  of  orthorhombicity.  We  provide  a  detailed  study 
of  the  characteristics  of  such  an  order  parameter  in  the  low  temperature  behavior  of  the  jwnetration  depth 
in  the  presence  of  non-magnetic  impurity  scattering.  The  results  are  discussed  in  comparison  with  ^/-wave 
and  anisotropic  5-wave  cases. 


In  recent  years,  there  have  been  many  theoretical  and 
experimental  efforts  to  identify  the  order  parameter  sym¬ 
metry  in  high  %  oxide  superconductors.  In  the  frame  work 
of  an  idealized  tetragonal  symmetry,  two  possible  candi¬ 
dates  {dx2-yp.  wave  and  extended  5- wave  pairing)  have  been 
highlighted  the  most  [1].  However,  recent  measurements 
of  the  temperature  dependent  penetration  depth  in  clean 
YBa2Cu307_5  single  crystals  show  large  differences  in  a  and 
Z?  directions:  \\(T  =  0)/A^(r  =  0)  =  2  ~  6,  and  a  linear  be¬ 
havior  with  different  coefficients  at  low  tempertaures  [2,3]. 
These  results  suggest  that  the  orthorhombicity  due  to  the 
chains  might  be  important  in  understanding  the  properties 
of  high-Tc  oxides. 

In  this  paper  we  consider  an  order  parameter  with  d  +  s 
wave  symmetry  [4],  A(k)  =  ^  along  with  an 

elliptic  Fermi  surface,  ep  -  {k^jlnix)  +  (k^jlniy).  Here  ^ 
is  a  constant  5-wave  component.  We  consider  |^|  less  than 
one,  meaning  that  the  iZ-wave  part  is  still  dominant  over 
the  5-wave  part.  This  form  of  order  parameter  has  charac¬ 
teristics  that  are  a  hybrid  of  both  ^Z-wave  and  5-wave.  It  has 
full  lattice  symmetry,  since  the  system  is  orthorhombic,  not 
tetragonal  any  longer.  It  has  four  nodes  and  changes  its  sign 
on  the  Fermi  surface.  It  has  a  non-vanishing  average  over 
the  Fermi  surface.  This  order  parameter  exhibits  interest¬ 
ing  properties,  especially  in  the  presence  of  non-magnetic 
impurity  scattering. 

The  calculations  are  handled  easily  with  a  transform 
Pi  =  ki^inix  +  rriy) I Irrii  which  changes  the  elliptic  Fermi 
surface  into  a  circular  one.  Under  the  transform,  tan  q)  - 
.^/mJ7^tan</>  where  g?  and  <f>  are  the  polar  angles  in  the 
k  and  p  frames  respectively;  A(p)  =  A(cos2</>  +  a)  where 
<x  =  p-^intx-  my)  I  (nix  +  my). 

In  the  pure  case,  the  nodes  on  the  Fermi  surface  lead  to 
a  linear  temperature  dependence  of  the  penetration  depth 
at  low  temperatures.  Here  we  give  the  superfluid  density 


tensors  at  low  temperatures.  The  temperature  dependence  of 
the  penetration  depth,  which  is  also  a  tensor,  is  then  easily 
obtained  using  the  relation  p^(T)  oc  \~'^(T). 

(1) 

A(r) .  Pi(7'  -  0)  -  NmM  (^)  (I)  8 

(2) 


where  M  is  the  bare  electron  mass,  and  = 
^  arccos(-of)  is  a  position  of  a  node  in  0  <  <^  <  7t/2,  The 
other  nodes  are  at  <Z>  =  tt  -  tt  +  <Z>o  and  27r  +  <#>0.  In 
the  case  with  impurity  scattering. 


^*,(0  «  =  0)  +  N{(i)M{TrT?  (1^)  (I) 


2ix 


:j|^cos2(<#>)F'(w„ -OU  (3) 


=  Q)  +  NmM(TTTy 


(i)  (f) 


llT 

(4) 

0 


where 


=  (^(p)  -  yi)[2ciyi  -  3(A(p)  -  yi)y3(l  +C3)  -ci(A(p)  -yi) 

[y3^  +  (A(p)-yi)2F2 

( 


Here  y\,  cu  andys  are  defined  from  the  impurity  self¬ 
energies  at  low-frequencies:  \az(Wn)  ~  y3  +  czWn\  i^i(H'n)  ■- 
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Fig.  1.  The  penetration  depths  (or  the  superflnid  density  tensor) 
normalized  by  their  clean  limit,  zero  temperature  values  in  a  (solid 
lines)  and  b  (dotted  lines)  directions.  From  the  top  to  the  bottom 
curves,  1/2t7^  =  0  (pure  case),  0.01  and  0.04.  Here,  ot  ~  0.2. 


Fig.  2.  The  crossover  temperatures  T*  in  a  (solid  lines)  and  b 
(dotted  lines)  directions.  The  top  curves  are  for  «  =  0.1,  and  the 
bottom  curves  are  for  a  =  0.2. 


yi  +  c\Wn  as  Wn  ^  The  ia^  renormalize  the  frequen¬ 
cies,  and  iai  renormalize  the  order  parameter.  We  follow 
the  notation  in  [5].  Note  that  non-vanishing  average  on 
the  Fermi  surface  makes  iai  non-zero.  In  the  low  scatter¬ 
ing  rate  limit  (2t  Tc),  yi - {TTl2r)l(4(f>o  -  n)  and 

ys  ^^T5(4<^o-Tr)2/(2TT)  unitarity  limit,  and  yi - (4<^o  - 

TT)/(2TTr)  and  ys  ~  in  the  Bom  limit.  Here,  S  = 

A|sin(2</>o)|.  Equations  (l)-(4)  show  that  the  +  5  wave 
order  parameter  has  desirable  low  temperature  behaviors: 
linear  T  dependence  in  the  pure  case,  and  dependence 
in  the  impurity  case;  yet  different  coefficients  in  the  a  and 
b  directions.  These  equations  give  standard  d  wave  results, 
when  we  set  «  =  0,  =  niy,  and  iaiiWn)  =  0.  Figure  1 

shows  the  peneration  depth  at  low  temperatures  for  various 
impurity  scattering  rates  1  /2t.  Crossover  temperatures  T* 
can  be  defined  by  \(T)  =  A(0)  +  bT^fiT  +  F*),  as  intro¬ 
duced  by  Hirschfeld  and  Goldenfeld  [6].  From  eqns  (IM^), 
they  are  found  to  be: 


y,* _ -121n2cos^((^o) _  .g, 

“  ~  tt^AI  sin(2<#.o)|  Jo"  ^  cosH<f>)F' (w„  -  0+) 

_*  _ -121n2sin^(<^o) _ 

~  tt^AI  sin(2<#>o)l  Jo"  ^  smH4>)F'(w,  -  0+)  ^ 

(B) 
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Figure  2  shows  the  crossover  temperature  as  a  function 
of  impurity  scattering. 

We  have  studied  the  low  temperature  behaviors  of  pene¬ 
tration  depth  in  a  superconductor  with  d-\-s  wave  order  pa¬ 
rameter  symmetry,  concentrating  on  effects  of  non-magnetic 
impurity  scattering.  A  superconductor  with  such  an  order 
parameter  symmetry  exhibits  the  same  kind  of  low  temper¬ 
ature  behaviors  as  a  d-wave  order  parameter  in  the  tetrag¬ 
onal  framework.  Yet  this  model  naturally  shows  anisotropy 
in  a  and  b  directions  as  well.  This  feature  and  other  prop¬ 
erties  [7],  not  shown  in  this  paper,  appear  to  suggest  that 
the  -(-  J  wave  order  parameter  may  be  a  suitable  candidate 
for  hight-7i  oxide  superconductors,  such  as  YBCO. 
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Abstract— It  is  shown  that  a  correlation  between  the  positions  of  the  c-axis  longitudinal  optic  {LOc)  phonons 
and  ”notch”-like  structures  in  ihta-  b  plane  conductivity  of  high-i;.  superconductors  results  from  phonon- 
mediated  interaction  between  electrons  in  different  layers. 

Keywords:  Optical  properties  (D),  superconductors  (A),  phonons  (D). 


The  correlation  between  the  positions  of  the  c-axis  longi¬ 
tudinal  optic  {LOc)  phonons  and  “notch”-like  absorption 
structures  in  the  a-b-  plane  conductivity  cu)  was 

found  by  Reedyk  and  Timusk  [1]  for  most  of  the  high-Jc 
copper-oxide  superconductors.  It  was  shown  that  such  an¬ 
tiresonant  features  are  not  present  in  infrared  measurements 
if  the  wave  vector  of  light  is  perpendicular  to  the  c-axis. 
Here  we  propose  a  simple  microscopic  mechanism  for  this 
effect.  We  consider  a  contribution  5cr  to  the  conductivity 
arising  from  the  coupling  of  the  charge  carriers  in  differ¬ 
ent  layers  via  the  exchange  of  one  LOc-phonon.  For  the 
electron-LOc  phonon  Hamiltonian  of  the  form 

He-LOc  =  X  cLc/ker  X  (9z)  [bq,  +  ]  ,  (1) 

/ko-  qz 

where  /  labels  the  layers  stacked  along  z-direction  (parallel 
to  the  c-axis),  k  is  the  momentum  in  the  cr-Z^-plane  and  o’ 
is  the  spin  index,  one  gets  ba  =  lOT/o)  with 

(5n(9?,  CO)  =  X  sn,,'  (CO)  e''/? (2) 

ir 

where  511//' (co)  is  the  contribution  from  the  diagram  with 
one-phonon  line  which  connects  two  particle-hole  polariza¬ 
tion  bubbles. 


511//'  (CO)  = 


n/(co)n/'(co) 

V(0) 


DiQph,  co) 


X  X  evAk)g^\q.)gl[>\q.)*evAk')  (3) 

qzMy 

n  is  the  electron  polarization  for  a  single  layer,  D  is  the  LOc- 
phonon  propagator,  y,f(k)  is  the  electron  velocity  coming 
from  the  current  vertex  when  electric  field  is  parallel  to  a- 
axis.  Sums  over  k,  k'  are  restricted  to  the  Fermi  surface 
(FS).  The  factors  under  the  sum  in  eqn  (3)  are  written  in 


the  same  order  as  they  appear  in  the  diagram.  We  propose 
an  ansatz  that  the  quantity 

A//'  (k,  k')  =  V(0)  X  ?k"(9z)^i/''(?z)*  .  (4) 

<!z 

is  sharply  peaked  at  k  =  k'.  This  means  that  the  electrons 
from  different  layers  interact  appreciably  via  the  exchange 
of  the  LOc-phonon  only  when  their  momenta  are  nearly 
equal.  With  this  ansatz  one  finds  non-zero  contribution  at 

5cri(co)  =  - [U(u))^D(np^,  co)]  .  (5) 

Here  cOp  is  the  plasma  frequency  and 

V(?z)=  X  v^(k)v.(k') 

k.k'eFS 

X  v.(k)l  (6) 

W  v.eFS 

In  the  case  when  q®  is  perpendicular  to  the  c-axis  Xphiq^  = 
0)  =  0,  because  the  electron-phonon  matrix  element  of  the 
LOf-phonon  is  proportional  to  ^lOc  ‘  ^  oc  d I  dzi,  and  it  van¬ 
ishes  after  summation  over  /.  The  propagator  D{0.ph,  co) 
for  optical  phonon  can  be  modeled  by  a  Lorentzian  of 
half-width  yph.  One  finds  ba  to  be  negative  if  \Imtl{vo)\  > 
Ren(a}),  which  is  realised  if  the  in-plane  electron  scat¬ 
tering  rate  near  the  position  of  the  LOc-phonon  satisfies 
1/T  >  Q.ph.  Moreover,  the  relative  depth  of  the  “notch”, 
baja,  is  found  to  be  proportional  to  \ph{ql)Q.phlyph.  The 
experimental  values  of  Q.phlyph  for  LOc-phonons  are  in  the 
range  10-200  [2].  Thus,  even  for  \ph(qi)  ^  0.01  the  effect 
can  be  large. 
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Abstract — Numerical  renormalization  group  has  not  been  successfully  applied  to  the  two  dimensional 
Hubbard  model  due  to  apparent  lack  of  a  energy-scale  hierarchy  in  the  hamiltonian.  We  show  that  with  a 
suitable  choice  for  the  single-particle  orbitals,  the  interaction  energy  can  exhibit  a  hierarchy  of  energy  scales. 
We  argued  that  the  new  variables  give  the  right  low  energy  physics. 


Electron-electron  correlations  are  crucial  in  understand¬ 
ing  normal  as  well  as  superconducting  properties  of  high 
Tc  cuprates[l].  Beyond  perturbation  theory,  the  only  reli¬ 
able  ways  of  dealing  with  strong  correlations  are  numerical 
methods.  However,  numerical  methods  currently  available 
cannot  be  extended  to  large  enough  system  sizes  and  low 
enough  temperatures  to  study  low  energy  physics  such  as 
transport  and  superconductivity.  The  so  called  ’minus  sign’ 
problem  prevents  quantum  Monte  Carlo  from  reaching  low 
temperatures.  In  exact  diagonalization  method,  the  dimen¬ 
sion  of  the  Hilbert  space  grows  exponentially  with  the  num¬ 
ber  of  electrons  making  it  impossible  to  do  calculation  on 
larger  clusters. 

One  effective  method  of  handling  many  degrees  of  free¬ 
dom  is  numerical  renormalization  group(NRG)  in  which  the 
size  of  the  Hilbert  space  is  systematically  reduced  in  such  a 
way  that  the  low  energy  spectrum  is  not  much  affected.  The 
method  has  been  successfully  applied[2]  to  Kondo  problem. 
The  hamiltonian  of  this  problem  has  a  clear  separation  of 
energy  scales  which  makes  it  safe[3]  to  prune  Hilbert  space. 
With  a  hierarchy  of  energies,  the  strongest  interacting  parts 
of  the  hamiltonian  is  diagonalized  first.  After  high  energy 
states  are  discarded,  the  next  strongest  interacting  degree  of 
freedom  is  added.  Because  the  energy-scale  hierarchy,  the 
discarded  states  are  always  at  the  highest  energy  and  will 
not  affect  much  the  low  energy  spectrum. 

The  trouble  with  applying  NRG  to  the  lattice  model  we 
are  interested  in  is  that  there  is  no  apparent  separation  of 
energy  scales.  For  example,  in  the  real  space  renormalization 
group,  the  most  efficient  procedure  of  truncating  states  is 
by  adding  one  site  at  a  time.  The  interaction  between  the 
block  and  the  added  site  is  the  hopping  integral  t  or  the 
exchange  interaction  J  which  remain  fixed.  This  lack  of 
energy  scale  is  reason  why  the  real  space  renormalization 
group  performs  poorly  for  lattice  models[4].  By  keeping  the 
density  matrix  eigenstates,  White[5]  has  recently  developed 
a  method  that  is  very  accurate  for  one-dimensional  systems 
with  short  range  interaction.  However, 

it  is  difficult  to  apply  this  method  to  higher  dimensional 
system[6]. 

The  purpose  of  this  note  is  to  demonstrate  by  an  ex¬ 


plicit  construction  that  with  suitable  transformation  of  sin¬ 
gle  particle  variables,  it  is  possible  to  oring  out  a  hierar¬ 
chy  of  energy  scales  for  a  many -body  hamiltonian.  We  be¬ 
lieve  our  construction  works  for  a  large  class  of  models 
but  here  we  focus  on  Hubbard  model  in  two  dimensions. 
In  the  momentum  space,  the  Hubbard  (/-term  is  written 
q  Ci[|C^/|Ck^+qiCk-qt  where  cJo-  creates  an  electron 
with  momentum  k  and  spin  tr.  We  first  divide  the  momen¬ 
tum  states  into  shells  labeled  by  5  =  ±1,  ±2,...  according 
to  their  energies  *  <  5  for  \s\  =  1  and  < 

^  ^  1*^1  ^  positive(negative)  integers 

label  the  shells  with  e(k)  above(below)  the  Fermi  energy  Ef. 
Parameter  5  specifies  the  width  of  the  first  shell  and  A  >  1 
controls  the  width  of  higher  shells.  Next,  within  each  shell, 
we  make  a  list  of  all  the  states  and  rank  them  according  to 

the  angle  Of  =  tan“^  We  then  introduce  the  new  vari- 

•'  ^Jy 

I  ^  '2jTm  • 

ables  by  Fourier  transformation  fsma-  =  X;  ^  ‘'ckya, 
where  Ns  is  the  total  number  of  variables  Ck^.  in  the  shell 
The  Hubbard  repulsion  interaction  can  now  be  written  in 
terms  of  fsm,T'- 

^  S  S  S  S  C(s^muS2m2,Sim^^,s^m^) 

sj.tni  J4,m4 


C{{si,  nti}) 


1 

^Ns,Ns,Ns,Nss 


1 

JiJinM 


2rTi( 

e  ^ 


m7h  m-sh  mh 
Ns2  % 


) 


(2) 


The  sum  in  the  last  equation  is  constrained  by  the  con¬ 
servation  law  kyj  -h  kj2  =  kyj  +  kj^ .  When  w/  are  not  all  the 
same,  the  scattering  is  effectively  zero  because  the  destruc¬ 
tive  interference[7].  The  scattering  terms  are  largest  when 
all  nti  -  0  where  all  the  terms  add  in  phase  and  the  sums 
over  all  momenta  are  only  limited  by  the  conservation  law. 
For  the  remaining  terms  with  m,  =  m,  the  scattering  terms 
decay  exponentially  with  /w.  Fig.l  shows  the  result  of  a  cal¬ 
culation  of  ’’scattering”  in  the  figure)  for 

a  30  X  30  lattice  with  6  momentum  shells.  Clearly,  the  in¬ 
teraction  strength  decays  exponentially  with  m. 
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m 

Fig.  1 .  The  coefficient  ctlimPo)  (labeled  "scattering”  in  the  figure)  for  a  30 x 30  lattice  with  6  momentum  shells  with  =  - 1.3/ 

and  separation  energies  between  shells  at  |e  -  e/-|  =  0.25/.  /.  Each  curve  represents  one  of  6"*  configurations  of  (5|,  52.^3. -54) •  Only  the 
terms  with  m  <  20  are  shown.  The  upper  panel,  which  shows  a  slower  decay,  is  for  terms  of  the  form  Wj^Miw/wiCwith  nsma  =  finer fsmcr) 
that  involve  only  the  density  and  therefore  no  scattering(they  contribute  to  diagonal  energy  only).  The  lower  panel  is  for  all  the  rest. 


Unlike  the  Hubbard  model  in  k-space,  which  creates 
particle-hole  pairs  with  equal  weight,  the  Hubbard  interac¬ 
tion  written  in  /’s  has  a  hierarchy  of  energy  scales  and  is 
therefore  a  better  basis  for  renormalization  group  calcula¬ 
tion.  We  can  for  example  keep  fsma  for  only  m  <  M.  Since 
the  scattering  is  the  strongest  in  the  small  m  channels,  get¬ 
ting  rid  of  fsmer  at  large  m  have  small  effects  on  the  ground 
state. 

We  now  argue  that  the  new  variables  have  the  right  fea¬ 
tures.  If  the  Hubbard  U  is  treated  by  perturbation  theory  in 
the  k-space  and  one  asks  which  states  are  more  important. 
Then  certainly  the  states  with  particle-hole  excitations  near 
the  Fermi  surface  will  have  larger  weight  than  the  states 
with  particles  and  holes  deeply  inside  or  outside  of  Fermi 
surface.  However,  because  Pauli  exclusion  principle,  these 
low  energy  particle-hole  excitations  near  the  fermi  surface 
have  vanishingly  small  phase  space.  There  are  great  many 
more  particle-hole  pairs  away  from  the  Fermi  surface,  their 


combined  effect  could  be  large.  In  the  new  /-variable,  s- 
waves  are  most  strongly  interacting.  The  .y-wave  variable  is 
increasingly  smaller  fraction  of  total  number  of  available 
degree  of  freedoms  for  shell  away  from  the  Fermi  surface. 
This  fraction  is  adjusted  by  A.  Intuitively,  since  we  expect 
the  momentum  distribution  n(k)  to  change  rapidly  only 
near  the  Fermi  surface(where  therefore  more  variables  are 
needed).  Away  from  the  Fermi  surface,  a  small  number  of 
variables  will  be  sufficient.  In  our  method,  we  retain  a  rela¬ 
tively  few  variables  away  from  the  Fermi  surface  and  more 
near  the  Fermi  surface. 

In  conclusion,  we  have  demonstrated  that  with  suitable 
choice  of  the  single-particle  orbitals,  the  interaction  energy 
exhibit  a  hierarchy  of  energy  scales.  The  new  orbitals  are 
suitable  starting  point  for  numerical  renormalization  group 
calculations. 
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TT  JUNCTIONS  IN  5-WAVE  SUPERCONDUCTORS:  BI-LAYER  EFFECTS 
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James  Franck  Institute,  University  of  Chicago,  Chicago,  IL  60637,  U.S.A. 


Abstract — ^We  study  the  order  parameter  symmetry  in  bi-layer  cuprates  such  as  YBaCuO,  where  interesting  tt 
phase  shifts  have  been  observed  in  Josephson  junctions.  While  tt  phase  shifts  are  known  to  occur  in  ^/-states, 
this  behavior  can  also  be  associated  with  (orthorhombic)  5-symmetry  when  the  two  sub-band  gaps  have 
opposite  phase.  We  show  that  tt  phase  shifts  are  general  consequences  of  repulsive  interactions,  independent 
of  whether  a  magnetic  mechanism  is  operative. 


The  observation  of  n  phase  shifts  in  a  corner  Josephson 
junction  experiment  in  YBCO  [1]  is  one  of  the  most  impor¬ 
tant  experimental  results  to  emerge  from  the  cuprate  litera¬ 
ture  in  recent  years.  This  measurement  has  been  widely  in¬ 
terpreted  as  support  for  a  ^/-symmetry  of  the  order  param¬ 
eter,  as  well  as  for  a  magnetic  mechanism  for  superconduc¬ 
tivity.  In  this  paper  we  show  that  both  of  these  inferences 
may  be  inappropriate. 

The  gap  equation  for  bi-layer  systems  has  been  studied 
earlier  in  the  context  of  a  magnetic  mechanism  for  supercon¬ 
ductivity  [2,3].  There  it  was  observed  that  the  t/-symmetric 
state  of  the  single  layer  problem,  is  transformed  to  a  pair 
of  in-phase  d  states  on  each  of  the  two  sub-bands,  and  that 
these  compete  with  a  pair  of  out-of-phase  5-states.  Here  we 
take  the  problem  to  a  greater  level  of  generality,  establish¬ 
ing  that  this  situation  persists  for  a  wide  class  of  repulsive 
interactions,  which  are  unrelated  to  the  antiferromagnetic 
spin  fluctuation  picture.  Alternate  classes  of  the  order  pa¬ 
rameter  symmetry  are  also  generated.  These  correspond  to 
in-phase  5-states  and  out-of-phase  ^/-states  [4]. 

In  the  presence  of  both  intra-  and  inter-layer  interactions 
(V\\  and  Kl),  the  weak  coupling  BCS  gap  equation  becomes 
a  set  of  coupled  equations  for  the  gaps  on  each  of  the  sub¬ 
bands  (A+,  A-).  Following  the  usual  procedure  [5],  the  gap 
equations  become 


where  the  superconducting  quasi-particle  energies  are 
E±  =  yje±  +  AI,  where 

€±  =  -2t[cos{qxa)  -\-cos(qyb)] 

+4t'  cosiqxa)  cos(qyb)  ±  -  Ef.  (2) 

In  this  model  is  the  matrix  element  for  hopping  be¬ 
tween  layers;  /  and  t'  refer  to  the  first  and  second  nearest 
neighbor  in-plane  hopping  which  may  contain  orthorhom¬ 
bic  effects. 


In  the  case  of  a  magnetic  pairing  mechanism,  the  two 
interactions  are  related  to  components  of  the  dynamical 
spin  susceptibility  [6,7].  Because  the  in-plane  magnetism 
is  not  independent  of  inter-plane  effects  any  proper  treat¬ 
ment  of  spin  fluctuation  induced  superconductivity  should 
incorporate  both  components.  Here  we  generalize  the  spin- 
fluctuation  pairing  models  (A^  >  0,  <  0,  Q  =  (tt,  tt))  to 

consider 

y  ^  _  ..X 

[1  -  Jo{QOs.(kx  ±  Qx)  +  cos(ky  ±  Qy))]^ 

and  assume  that  the  overall  signs  are  unconstrained  and  the 
k  =  q-q'  peaks  occur  at  arbitrary  wave-vector(Q)(summing 
over  all  signs).  Furthermore,  we  vary  the  width  of  the  peak 
structure  by  changing  Jo  and  therefore  incorporate  the  limit 
of  rather  structureless  interactions,  as  in  the  phonon  case. 

The  typical  gap  functions  for  the  magnetic  case  which 
consists  of  repulsive  intra-layer  (A^  >  0)  and  attractive  inter¬ 
layer  (A^  <  0)  interactions  are  shown  in  Fig.  1(a).  The  fig¬ 
ure  on  the  left  (right)  in  the  box  corresponds  to  intra-layer 
(inter-layer)  dominated  behavior.  For  general  parameteri- 
zations  we  find  that  ^/-symmetry  is  associated  with  repul¬ 
sive  and  5-synunetry  with  attractive  interactions.  In  phase 
gap  behavior  occurs  when  the  intra-layer  interaction  is  the 
larger;  out  of  phase  behavior  arises  in  the  opposite  case  [4]. 
It  is  important  to  note  from  Fig.  1(a)  and  that  the  out  of 
phase  5-wave  states  will  exhibit  tt  phase  shifts  in  a  comer 
SQUID  experiment  [1].  While  not  a  general  feature  of  all 
solutions,  its  presence  requires  (a  modest  amount  of )  or- 
thorhombicity.  The  observation  of  tt  phase  shifts  in  bi-layer 
cuprates  is  thus  not  as  strong  a  constraint  on  the  order  pa¬ 
rameter  symmetry  as  in  one  layer  materials.  All  orthorhom¬ 
bic  states  which  exhibit  these  tt  phase  shifts  will  also  show 
finite  c-axis  tunneling  in  untwinned  crystals  [8]. 

In  Fig.  1(b)  we  present  the  gap  symmetry  for  our  gener¬ 
alized  pairing  potential  peaked  at  an  arbitrary  wavevector 
Q  in  the  intra-layer  dominated  regime.  It  is  clear  that 
is  rather  stable  for  Q  in  a  wide  range  around  (tt,  tt)  demon¬ 
strating  that  the  ^/-wave  states  may  have  more  general  origin 
beyond  the  antiferromagnetic  spin  exchange  models. 
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Fig.  1.  (a)  Superconducting  gap  for  interactions  peaked  at  the  antiferromagnetic  wave  vector,  at  Q  =  q  -  q'  =  (tt,  tt);  (b)  Gap  symmetry 
for  generalized  pairing  potential  peaked  at  Q.  (  +  )  represents  d^2^yp.y  (x)  represents  cixy^  and  (Q)  represents  Sxy  (an  extended  5-wave). 


In  summary,  by  solving  the  gap  equation  for  bi-layer 
models  with  general  repulsive  interactions^  we  find  that  d- 
symmetry  states  arise  quite  generally  and  are  not  uniquely 
associated  with  wave-vector  structure  along  the  antiferro¬ 
magnetic  direction.  Moreover,  we  have  established  that  tt 
phase  shift  behavior,  which  is  often  cited  as  the  strongest 
evidence  for  ^/-wave  pairing  can  also  be  associated  with  (or¬ 
thorhombic)  5-symmetry  when  the  two  sub-band  gaps  have 
opposite  phase.  This  state  has  some  advantages  over  in¬ 
states  in  large  part  because  of  the  relatively  small  sensitivity 
of  Tcto  non-magnetic  impurities.  An  important  conclusion 
from  our  analysis  is  that  there  are  always  competing  states 
in  bi-layer  systems,  and  that  the  order  parameter  symme¬ 
try  would  be  expected  to  vary  from  cuprate  to  cuprate  as 
well  as  within  a  given  cuprate  class  at  different  hole  con¬ 
centrations.  One  can  conclude  that  the  Josephson  junction 
data,  in  particular,  provide  strong  evidence  for  supercon¬ 
ductivity  mediated  by  some  form  of  repulsive  interaction. 
On  the  other  hand,  these  collected  observations  (in  bi-layer 
cuprates)  weaken  the  often  cited  support  for  theories  of  spin 
fluctuation  mediated  superconductivity. 
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Abstract — The  electron  removal  spectrum  and  momentum  distribution  of  a  many-body  system  are  calculated, 
combining  low  energy  FL  phenomenology  and  high  energy  Fade  approximants.  The  influence  of  non-FL 
power  laws  at  low  energy  is  also  studied. 


1.  INTRODUCTION 

In  the  ongoing  efforts  to  interprete  low  energy  ARPES  sig¬ 
nals  of  strongly  correlated  materials  [1]  via  the  electron  re¬ 
moval  spectrum  of  a  many-body  system,  a  /:-independent 
self-energy  S(co)  has  so  far  been  employed. 

Considerable  success  in  modeling  the  lineshapes  and  dis¬ 
persions  is  somewhat  attenuated  by  our  uncertainty  about 
the  nature  of  the  background,  which  is  anomalously  strong 
in  the  cuprates  [2].  Since  the  background  is  dispersionless, 
it  may  be  possible  to  explain  it  by  S  (to). 

On  surfaces  of  constant  band  structure  eigenvalue  Ck,  the 
Green  function  is  given  by: 


Fig.  1 .  Momentum  distribution  as  function  of  bandstructure  eigen- 
energy  scale  is  =  5Ga(0).  Inserts:  same  scales; 
G{k,  (v)  =  (cv  -  Z(a))  “  €k)  -  to)  e^:)  .  (l)  discussion  section.  The  influence  of  non-FL  exponents  a  is 

shown  for  g*  =  0.3. 


It  is  sufficient  to  model  G(kf,  (v).  Assuming  a  decompo¬ 
sition  into  a  singular  part  and  a  background,  G(kf,  co)  = 
Gs((o)  +  G/,(co),  the  signal  away  from  k  =  kp  is  neverthe¬ 
less  not  additive.  As  shown  [3],  the  lineshape  is  profoundly 
influenced  by  an  interference  term. 

Fermi  liquid  (FL)  models  are  obtained  with  Gsicv)  = 
Q*  I  CJO,&  simple  pole  of  residue  g*.  The  background  is  then 
defined  as  the  regular  part  of  the  corresponding  Laurent 
expansion  of  Gikp,  co).  The  quasiparticles  (QP)  have  weight 
Zikp)  =  g*,  dispersion  ef  =  g*eA:  and  damping  L  = 
Q*el5Gb(0)  =  This  defines  the  energy  scale  A*, 

beyond  which  the  QP  are  overdamped. 

In  discussions  with  J.  Allen  and  his  collaborators  [2],  two 
objectives  for  possible  extensions  of  this  phenomenology 
have  been  envisaged: 

(i)  define  a  singular  part  that  allows  for  non-FL  power 
laws  [4], 

(ii)  obtain  a  physical  picture  of  the  background,  its  weight 
and  structure  beyond  A*,  possibly  in  relation  to  micro¬ 
scopic  models, 

A  brief  description  of  progress  on  these  two  points  is 
given  here. 


2.  LOW  ENERGY  POWER  LAW 

To  model  power  law  behavior  [4],  we  define  a  self-energy 
function: 


CO 


^1  -  exp 


/  (xln(-(A*/a))^)\\ 
\2(\  +  (colA^)^)  )) 


(2) 


with  0  <  «  <  1  and  A*,  the  previous  energy  scale  of  the  FL. 
The  singular  part  of  G{kp,  co)  is  Gv{co)  =  Q*  I  {(v  -  SvCco)), 
with  g*  the  previous  weight,  which  loses  the  meaning  of  a 
residue,  as  soon  as  a  =/=  0. 

Details  leading  to  this  particular  ‘Ansatz”  and  other  pos¬ 
sible  choices  will  be  discussed  elsewhere  [5].  Essential  re¬ 
quirements  are:  OS^vCco)  0  for  large  co,  and  the  correct 
analytical  properties  along  the  cuts  5lco  >  0  and  5lco  <  0, 
with  CO  =  0  as  branching  point.  In  the  limit  a  «:  1  (mis¬ 
printed  in  [3]  as  (X  ^  1),  eqn  (2)  reduces  to  a  MFL  model 
[6]. 
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Fig.  2.  Momentum  resolved  spectra  for  a  particle  hole  symmetric 
Z(6o).  It  is  shown,  how  a  QP  resonance  just  emerges  from  the 
background,  for  the  given  bandstructure  input  Scales  A~^  = 
3G/,(0),  A*  =  2*  A,  2*  =  1/6.  Influence  of  of:  Values  as  in  Fig.  I 

3.  HIGH  ENERGY  SUMRULES 

The  high  energy  behavior  can  be  obtained  to  a  desired 
accuracy  by  terminating  the  continued  fraction  expansion 

GikF.cv)  =  l/(co- CO,  -Slnw-(o,-Sl/...))  (3) 

at  sufficiently  high  level,  giving  rise  to  a  Fade  approximant. 
Each  real  coefficient  with  index  n  in  the  expansion  involves 
moments  of  the  spectral  function  Aikp,  co)  up  to  order  «. 
In  practice,  this  becomes  tedious  beyond  the  level  n  =  3[l]. 

We  have  used  the  levels  n  =  1  and  «  =  3,  introducing  also 
a  phenomenological  imaginary  part  3(jOn  0  to  take  into 
account  the  energy  independent  damping  of  the  background 
excitations. 

The  low  energy  singular  part  is  incorporated  by  introduc¬ 
ing  one  more  phenomenological  stage,  consisting  of  com¬ 
plex  energies  and  co„+2-  These  are  uniquely  determined 
by  the  conditions:  (i)  S(0)  =  0;  (ii)  the  singularity  has  real, 
positive  weight  0  <  2*  <  1  • 

A  non-FL  power  law  is  incorporated  by  replacing  co  by 
n  =  CO  -  Sv(co),  but  only  in  the  last  stage,  if  all  moments 
to  order  n  are  to  be  conserved. 

The  influence  of  the  power  law  exponent  a  on  the  mo¬ 
mentum  distribution  n(k)  is  shown  in  Fig.  1,  and  on  the 
A:-resolved  spectrum  in  Fig.  2. 


The  lower  insert  shows  the  same  result  on  an  expanded 
scale,  stressing  the  characteristic  asymmetry  of  doped  Hub¬ 
bard  models  with  large  U.  The  correct  sign  of  the  dynam¬ 
ical  weight  transfer  [8]  is  obtained,  irrespective  of  the  low 
energy  power  law. 

The  upper  insert  shows,  that  previously  used  self-energies 
FL-TAYLOR  [2]  and  MFL  [2,6]  cause  the  total  spectral 
weight  to  decay  with  Ck.  This  feature,  traced  to  DZ(co) 
growing  without  limitation  at  large  co,  suppresses  the  back¬ 
ground.  A  proper  limitation  of  3Z(co)  is  generated  by  the 
Fade  approximants. 

Figure  2  shows  spectra  for  a  particle  hole  symmetric  S(co) 
with  2*  =  1/6  and  background  generated  on  the  Fade  level 
«  =  1. 

The  case  a  =  0  was  used  for  linefits  in  TiTe2  [1,9].  The 
chosen  values  for  the  bandstructure  input  correspond  to  a 
QF  resonance  Just  emerging,  for  |e^|/A*  =  kjt|/A  <  1. 
The  influence  of  a  is  still  weak.  The  non-FL  power  law 
influences  the  lineshapes  and  dispersions  more  strongly  in 
the  regime  lejtl/A  «:  1,  not  shown  here. 

Similar  spectra  for  the  doped  Hubbard  model  will  be 
discussed  elsewhere  [5]. 
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4.  DISCUSSION 

Figure  1  shows  n{k)  for  a  hole  doped  Hubbard  model 
{X  =  0.3),  assuming  2*  =  Self-consistency  is  obtained 
on  the  Fade  level  n  =  3  [5],  with  input  OCO3  =  2/,  U  =  40/ 
and  a  =  2  (tight  binding)  square  lattice.  A  softened  step 
of  amplitude  2*  is  the  characteristic  of  the  non-FL  power 
laws. 
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Abstract — Recent  experiments  of  the  effects  of  nonmagnetic  impurities  on  the  magnetic  and  transport 
properties  are  interpreted  in  terms  of  RVB  theory  with  spin-charge  separation.  A  nonmagnetic  impurity 
induces  spin  1/2  in  the  spin  gap  phase.  The  residual  resistivity  shows  the  classical  value  of  Boltzmann 
transport  theory  for  the  holons  not  for  the  electrons  in  a  sharp  contrast  with  the  prediction  of  Fermi  liquid 
theory. 
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The  response  to  the  impurities  is  an  important  subject  in 
the  study  of  strongly  correlated  systems,  including  high-Tc 
cuprates.  Especially  the  effects  of  the  nonmagnetic  impuri¬ 
ties,  i.e.,  Zn,  replacing  Cu  in  the  conducting  planes  show 
the  following  anomalous  features  in  the  underdoped  region 
[1-8]. 

(1)  The  formation  of  the  magnetic  moments  due  to  Zn 
has  been  revealed  by  magnetic  susceptibility  [1,8], 
NMR  [2-5],  jySR  [6]  and  EPR  [7],  whose  number  is 
roughly  proportional  to  the  Zn  concentration  and 
an  almost  full  moment  appears  in  the  underdoped 
region  ,  i.e.,  O.8/J5  in  Lai.85Sro.i5Cui-zZn204  [8]  and 

in  YBa2(Cui-^Zn^)3 06.64  [5]  per  Zn  ion.  The 
magnitude  of  the  induced  local  moments  is  strongly 
dependent  on  the  hole  concentration  x  and  becomes 
smaller  or  even  vanishes  as  x  increases  [5,8]. 

(2)  The  residual  resistivity  can  be  described  in  terms  of 
the  classical  expression  in  terms  of  the  Boltzmann 
transport  theory  [8],  i.e., 

Pres  =  4(?i/e^)(«in,p/«)sin^5o  (1) 

which  is  independent  of  the  effective  mass  of  the  car¬ 
riers  and  is  determined  only  by  the  phase  shift  5o,  the 
impurity  concentration  n\mp  and  the  carrier  density  n. 
It  has  been  found  that  Zn  acts  as  a  strong  scatterer  at 
unitary  limit,  i.e.,  5o  =  Tr/2.  The  interesting  thing  is 
that  the  carrier  number  n  is  the  hole  concentration  x 
in  the  underdoped  region,  and  rather  rapidly  crosses 
over  to  the  electron  number  1  -  x  in  the  overdoped 
region. 

In  this  paper  we  give  an  interpretation  of  these  two  as¬ 
pects  in  a  unified  way  from  the  standpoint  of  the  RVB  the¬ 
ories. 

In  the  slave  boson  fromalism,  the  spin  is  represented  by 
fermions  (spinons)  while  the  holons  are  bosons.  In  the  un¬ 
derdoped  region  above  Tc,  the  mean  field  theory  predicts 


the  so  called  spin  gap  state  where  the  spinon  pairing  occurs 
while  the  holons  are  not  condensed  [9].  Although  the  to¬ 
tal  system  is  not  superconducting,  the  spinon  system  is  su¬ 
perconducting  and  the  transport  properties  are  determined 
by  the  holon  according  to  loffe-Larkin  law  [9].  Therefore 
the  residual  resistivity  Pres  is  that  of  the  holon,  and  deter¬ 
mined  by  the  holon  concentration  x.  Actually  the  criterion 
for  the  validity  of  Boltzmann  expression  eqn  (1)  is  that  the 
sheet  conductance  is  much  larger  than  the  quantum  con¬ 
ductance  e^jh,  which  is  satisfied  for  the  Zn  concentration 
we  are  now  interested  in.  Therefore  it  is  reasonable  that  the 
holons  which  are  not  superconductive  or  localized  give  the 
observed  resistivity. 

However  it  may  appear  difficult  to  explain  the  localized 
moment  because  the  kinetic  energy  of  the  spinon  is  larger 
than  that  of  holons  and  more  robust  against  localization. 
Also  the  loffe-Larkin  law  tells  that  the  spinon  resistivity  will 
dominate  if  the  states  near  the  Fermi  energy  are  localized 
and  spinon  system  is  insulating.  Actually  these  two  dilemma 
can  be  simultaneously  resolved  by  the  spinon  pairing  with 
^-wave  symmetry.  In  the  case  of  <i-wave  pair,  the  density  of 
states  for  the  quasi-particle  is  reduced  near  the  Fermi  energy 
as  D{E)  oc  \E  ~  Ef\,  which  favors  the  localization.  This  is 
compared  with  the  boson  density  of  states  which  is  constant 
even  near  the  bottom  of  the  band  in  two-dimensions. 

This  problem  has  been  already  analyzed  by  Lee  in  the 
context  of  localized  states  in  ^-wave  superconductos.  The 
strong  scatterer  considered  in  this  paper  corresponds  to  his 
model  II  [10].  In  this  model  the  self-energy  Z{a})  is  deter¬ 
mined  self-con  si  stently  by  Z(a))  =  -Ylg^^ivo),  where  Y  = 
«imp/(TTPo),  go(tt))  =  4/(Trpo)  Xk  ('^imp  is  the  den¬ 

sity  of  the  nonmagnetic  impurities  per  area,  and  po  is  the 
density  of  states  in  the  normal  state  in  the  absence  of  the 
c/-wave  pairing.)  The  imaginary  part  yo  of  the  self-energy 
near  the  Fermi  level  is  obtained  by  solving  yo  = 
the  scaling  theory  of  localization,  the  localization  length  l\oc 
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is  estimated  to  be  /loc  ~  /  txpikpl)  with  /  being  the  elastic 
mean  free  path.  /  is  estimated  from  the  classical  conduc¬ 
tance  and  hence  the  imaginary  part  of  the  self-energy  y(co), 
which  behaves  as  yto  =  yo  for  |cu|  <  yo  while  y(co)  = 
yo/co  for  |co|  >  yo.  Therefore  it  can  be  considered  that  the 
states  within  the  region  |co|  <  yo  are  strongly  localized. 
The  density  of  these  strongly  localized  states  n\oc  per  area 
is  estimated  as  the  density  of  states  for  this  energy  region 
-Trpo^o(yo)  times  the  energy  interval  yo,  and  we  obtain 
n\oc  =  -TTyopogoiyo)  =  ttPoT  =  «imp-  Now  we  have  shown 
that  the  number  of  strongly  localized  states  roughly  coin¬ 
cides  with  the  number  of  nonmagnetic  impurities.  When  the 
repulsive  interaction  between  the  fermions  are  again  taken 
into  account,  it  is  expected  that  these  localized  states  near 
the  fermi  level  are  singly  occupied  and  give  rise  to  the  Curie 
moments  proportional  to  the  impurity  density.  When  the 
states  of  the  quasi  particle  not  the  spinon  itself  are  local¬ 
ized,  the  spinon  system  still  remains  superconducting  and 
its  resistivity  is  zero.  Hence  the  total  resistivity  is  still  deter¬ 
mined  by  the  holons,  and  the  conclusion  on  the  resistivity 
above  remains  unchanged. 

Let  us  now  turn  to  the  slave-fermion  theory.  In  the  spin 
gap  phase,  it  has  been  shown  that  the  low-energy  dynam¬ 
ics  of  the  spin  system  can  be  described  by  an  effective  La- 
grangian  of  charged  S  =  1/2  bosons  (spinons)  coupled  to 
U(l)  gauge  field  [11], 

L,f,=  \(d,~iA,)Z\^+m^\Z\^ 

+  +  2SAQeijn]j,  (2) 

where  Z^  =  (Z*,Zf)  is  a  two  component  S  -  Xjl  spinor 
field  carrying  unit  gauge  charge,  =  d^Ay  ~  dyAfj  is  the 
usual  U(l)  gauge  field,  and  Ao  is  the  scalar  potential  in  the 
Coulomb  gauge.  Moreover,  it  can  be  shown  that  ^  in 
ID  and  ~  m  in  2D.  It  is  important  to  distinguish  between 
the  “uniform”  and  “staggered”  gauge  fields  in  the  slave- 
fermion  approach.  The  “uniform”  gauge  symmetry  is  bro¬ 
ken  because  of  the  existence  of  non-zero  order  parameter, 
whereas  the  “staggered”  gauge  symmetry  remains  unbro¬ 
ken.  The  low  energy  dynamics  of  the  system  is  dominated 
by  the  “staggered”  gauge  field,  described  by  the  effective 
Lagrangian  eqn  (2)  [11].  For  this  reason  =  +(-)!  for 
impurities  living  on  A(B)  sublattices. 

In  2D  the  electrostatic  potential  V(r)  ^  e^ln(r/g)  (5  ~ 
is  the  coherence  length)  is  induced  by  the  nonmagnetic 
impurity.  Hence  2S  bosons  or  local  moment  of  magnitude  S 
is  expected  to  be  confined  around  an  non-magnetic  impurity 
giving  rise  to  Curie-Weiss  behaviour  in  spin-susceptibility. 

For  finite  concentration  of  impurities  the  discussion  has 
to  be  more  careful.  Notice  that  a  finite  amount  of  energy  -- 
m  is  needed  to  nucleate  one  boson.  Thus  for  finite  concen¬ 
tration  of  impurities  6,  the  total  energy  of  the  system  has  to 
be  considered  to  see  whether  it  is  energetically  favourable  to 
bind  bosons  to  impurities.  The  electrostatic  energy  gained 
by  nucleating  bosons  to  screen  the  impurities  is  of  order 
(2iS'e)^5(ln(//5)  -  ln(/„/§))  where  /  --  5"^^^  is  the  aver¬ 


age  distance  between  non-magnetic  impurities  and  g 
is  the  typical  “size”  of  a  spinon.  Thus  the  total  energy  re¬ 
quired  to  nucleate  bosons  to  screen  the  impurities  is  of  order 
2jS5(m  “  25'e^  ln(//g)).  Notice  that  in  2D  ^  ^  m.  Thus  for 
5=1/2  the  two  terms  are  of  comparable  magnitude  when 
/  g,  implying  that  local  moments  are  formed  only  when 
the  concentration  of  non-magnetic  impurities  is  small,  and 
will  be  quenched  when  density  of  impurities  is  large  enough, 
in  general  agreement  with  experimental  observation. 

In  the  doped  case  the  spinless  fermion  represests  a  holon 
which  is  coupled  with  the  gauge  field.  In  the  spin-gap  phase, 
the  spinons  are  “superconducting”  with  respect  to  the  uni¬ 
form  gauge  field.  Thus  the  physically  observable  resistivity 
is  determined  by  that  of  the  holons  which  describe  a  spin¬ 
less  fermi  gas  with  density  of  holes  5,  giving  rise  naturally 
to  Pres  of  form  discussed  in  the  introduction. 

In  summary  the  anomalous  features  in  the  effects  of  non¬ 
magnetic  impurities  in  high-Tc  cuprates  can  be  consistently 
explained  in  terms  of  RVB  theories  although  the  statistics 
of  spinons  and  holons  can  not  be  uniquely  dictated  [12]. 
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Abstract — ^We  consider  the  effects  of  spin-phonon  coupling  within  the  slave-boson  mean-field  treatment  of 
the  extended  t-J  model.  With  no  additional  assumptions  the  theory  gives  a  semi-quantitative  account  of 
the  frequency  and  linewidth  anomalies  of  certain  phonon  modes  in  YBa2Cu307  at  the  superconducting 
transition.  It  contains  also  a  good  correspondence  with  observed  spin-gap  behaviour  and  isotope  effect 
measurements. 


Anomalies  have  been  observed  in  both  normal  and  su¬ 
perconducting  states  of  high-Tc  materials,  not  only  in  trans¬ 
port  and  magnetic  properties  but  also  in  the  frequency  and 
linewidth  of  phonons  around  the  superconducting  transi¬ 
tion.  Many  other  studies  provide  evidence  of  a  link  between 
lattice  anomalies  and  superconductivity,  and  we  seek  a  pos¬ 
sible  unified  basis  for  all  of  these  low-lying  excitations. 

We  consider  the  spin-phonon  coupling  arising  within  the 
extended  t-J  model,  a  theory  shown  [1,2]  at  the  mean-field 
level  to  give  a  good  account  of  many  features  of  the  spin  ex¬ 
citations  in  both  LSCO-  and  YBCO-type  high-Jc  systems; 
the  transport  properties  may  be  described  by  treating  fluc¬ 
tuations  about  this  solution  by  a  gauge-field  formalism  [3]. 
The  Hamiltonian  is 

H  =  -  Y,  +  X  (1) 

U  iij) 
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Fig.  1.  Frequency  shift  (a)  and  linewidth  (b)  corrections  of  B]g 
phonon  mode  as  a  function  of  temperature,  for  bare  phonon 
frequency  coq  =  0.257. 


and  there  are  available  detailed  Raman  [5]  {q  -  0)  and  in¬ 
elastic  neutron  scattering  [6,7]  (all  q)  results. 

Second-order  perturbation  theory  in  terms  of  A  results  in 
a  frequency  shift  Sco  -  ReHvy,  for  |Ren,;,|  tuo  ,  which 
is  given  at  ^  -  0  by 


where  the  transfer  integrals  tij  and  superexchange  interac¬ 
tion  Jij  have  been  taken  as  a  constant  in  previous  treat¬ 
ments.  However,  in  the  presence  of  buckling  of  the  Cu02 
layer,  by  which  is  meant  that  the  oxygen  atoms  0(2)  and 
0(3)  lie  out  of  the  plane  of  the  Cu  atoms,  as  in  YBCO,  tij 
and  Jjj  have  contributions  linear  in  the  magnitude  of  the 
oxygen  displacement  along  the  c-axis,  uf,  given  by  //,,+«  - 
t[\  -\t(ufj/a)],  where  a  is  the  lattice  constant,  and  similarly 
for  7  with  coupling  Aj.  The  coupling  constants  may  be  es¬ 
timated  microscopically  [4],  and  are  found  to  be  large,  Aj  - 
2A,  =  5.6.  While  the  degree  of  buckling  is  small,  uo/a  c  1, 
its  inclusion  is  crucial  in  providing  an  interaction  which  is 
strong  and  linear.  Both  terms  in  H  (\)  then  contribute  to  a 
coupling  of  the  phonon  coordinate  uf  to  the  spin  degrees 
of  freedom. 

The  effect  of  the  coupling  on  phonon  dynamical  prop¬ 
erties  is  calculated  from  the  frequency  shift  and  linewidth 
broadening  due  to  the  lowest-order  spinon  correction  to  the 
phonon  self-energy  11,;;.  We  examine  primarily  the  340  cm"^ 
B\g  mode  observed  in  YBa2Cu307  ,  which  is  an  out-of- 
phase,  c-axis  oscillation  of  only  the  planar  oxygen  atoms. 
This  mode  has  attracted  experimental  interest  because  it 
shows  the  largest  effects  at  the  superconducting  transition, 


5cv  =  c{\jjf^X^k 


1 


tanh 


N‘ 


Ek 


(2) 


where  c  =  (|;)  {5u^)  =  1.18  x  10‘^  {5u^)  =  = 

(O.OSSA)^,  with  coo  =  340  cm"^  the  phonon  frequency  of 
interest  and  M  the  mass  of  the  O  atom,  Ek-  [5|  +  A|]  is 
the  spinon  dispersion  and  Bk  is  a  form  factor  which  depends 
on  temperature,  through  the  mean-field  parameters  [1],  and 
on  both  mode  and  gap  symmetry.  Details  of  this  calculation 
are  given  in  Ref  [4]. 

The  r-dependence  of  5tt)  is  shown  in  Fig.  1(a)  for  ^  =  0 
and  frequency  oo^jJ  -  0.25,  close  to  that  of  the  340cW^ 
B\g  mode.  When  the  mode  frequency  is  close  to  a  character¬ 
istic  value  given  by  Max[2A^(r  =  0)],  the  shift  in  frequency 
occurs  at  a  temperature  somewhat  below  Tq  .  This  corre¬ 
sponds  well  to  the  observed  form  [5,8],  where  the  full  fre¬ 
quency  shift  develops  over  a  range  of  T  below  the  onset.  By 
contrast,  when  the  mode  frequency  is  considerably  less  than 
this  value,  we  find  a  sharp  change  near  Ti  ,  in  good  agree¬ 
ment  with  measurements  performed  on  the  193  cm"^  Biu 
mode  [7].  The  superconductivity-induced  correction  to  the 
linewidth  F  is  computed  similarly  from  Imll,;,  [Fig.  1(b)]. 
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Comparison  with  the  experimental  result  [5]  for  the  B\g 
mode  again  shows  a  good  agreement  in  sign  and  magnitude 
(5a)  O.Olcoo). 

The  strong  anomaly  in  the  340  cm“‘  mode  is  consistent 
only  with  predominantly  singlet  pairing  for  the 

gap  Aa:,  while  the  effect  is  negligibly  small  for  extended- 
s  gap  symmetry.  The  anomalies  will  be  suppressed  in  the 
^-symmetric  Raman-active  modes,  where  O  displacements 
are  parallel  to  the  plane  and  so  have  a  very  small  effect 
on  t  and  J,  as  also  observed.  However,  we  caution  against 
applying  the  model  to  infrared-active  modes,  as  it  does  not 
contain  the  charge  fluctuations  in  the  Cu02  plane  which 
can  be  expected  to  accompany  these. 

The  phase  diagram  of  the  mean-field  t-J  model  [1]  shows 
a  distinction  between  high-  and  low-doping  regimes,  since 
spin  singlet  formation  and  superconductivity  do  not  coin¬ 
cide  in  the  latter.  This  is  consistent  with  the  observation  in 
NMR  studies  of  different  characteristic  temperature  scales, 
interpreted  as  a  spin  gap,  only  in  the  low-doping  region. 
In  the  current  model,  phonon  anomalies  are  connected  to 
spin  singlet  formation,  and  the  same  scenario  is  envisaged; 
this  picture  is  corroborated  by  recent,  highly  accurate  Ra¬ 
man  studies  of  underdoped  YBCO  compounds  [8],  which 
indeed  show  the  anomalous  features  developing  at  temper¬ 
atures  well  above  Tc  . 

Finally,  while  the  mechanism  of  superconductivity  in  this 
model  is  purely  electronic,  a  spin-phonon  coupling  affords 
the  possibility  of  an  isotope  effect.  This  may  be  estimated 
by  considering  the  0(A2)  contributions  of  the  lowest-order 
phonon-spinon  term  in  the  Ginzburg-Landau  free  energy, 
computed  at  the  transition  temperature.  Near  optimal  dop¬ 
ing,  this  leads  to  a  small  1%)  enhancement  in  Tc  ,  on 
which  the  oxygen  isotope  effect  is  approximately  -0.1  AT.  This 
result  is  in  reasonable  agreement  with  a  recent  experimental 
determination  by  Zech  et  al  [9],  who  also  discovered  that 
the  primary  contributions  came  from  phonon  modes  of  the 
in-plane  O  atoms,  as  predicted  by  the  present  model. 

In  summary,  we  have  proposed  a  theory  of  spin-phonon 
coupling  which  accounts  well  for  the  anomalies  observed 
in  some  phonon  modes  in  typical  high-Tc  cuprates  of  the 
YBCO  class,  and  gives  also  qualitative  agreement  with 
modes  in  other  classes,  with  observed  spin-gap  behaviour 
and  with  isotope  effect  measurements.  We  believe  that  this 
model  is  a  useful  step  in  constructing  a  coherent  theory 
of  the  spin,  transport  and  lattice  properties  in  high-7i 
superconductors. 
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Abstract — ^The  spin-bag  liquid  scenario  derived  from  numerical  studies  of  the  two-dimensional  t-J  model  is 
presented  for  describing  anomalous  low-energy  electronic  states  of  cuprate  high-temperature  superconducting 
materials. 


A  detailed  exact-diagonalization  study  is  made  for  the 
doping  dependence  of  the  single-particle  spectral  function 
^(k,  co)  and  momentum  distribution  function  /2(k)  of  the 
two-dimensional  t-J  model  as  a  representative  model  for 
doped  Mott  insulators  including  cuprate  superconductors. 
The  results  for  ^(k,  co)  show  that  the  rigid-band  behav¬ 
ior  is  realized  in  the  small-cluster  t-J  model  [1,2]:  upon 
doping,  the  uppermost  states  of  the  quasiparticle  band 
observed  at  half  filling  cross  the  Fermi  level  and  reappear 
as  the  lowermost  states  of  the  inverse  photoemission  spec¬ 
trum,  while  the  photoemission  side  of  the  band  remains 
essentially  unaffected.  We  next  discuss  problems  in  directly 
determining  the  Fermi  surface  from  n(k)  and  study  a  sit¬ 
uation  where  they  are  largely  avoided;  we  then  find  clear 
signatures  of  a  Fermi  surface  which  takes  the  form  of 
small  hole  pockets  [3].  The  identical  scaling  with  tjJ  of 
the  quasiparticle  weight  Zh  and  difference  in  n(k)  between 
neighboring  k-points  suggests  the  existence  of  such  a  Fermi 
surface  in  the  physical  regime  of  parameters  [3].  In  a  last 
step  we  construct  spin-bag  operators  which  describe  holes 
dressed  by  the  antiferromagnetic  spin  fluctuations  and  find 
that  the  elementary  electronic  excitations  of  the  system 
can  be  described  well  in  terms  of  weakly-interacting  spin- 
1/2  Fermionic  quasiparticles  corresponding  to  the  doped 
holes  [4].  We  make  a  comparison  with  other  numerical 
calculations  and  recent  angle-resolved  photoemission  ex¬ 
periment  and  argue  that,  adopting  this  rather  conventional 
Fermi-liquid  scenario  with  non-Luttinger  Fermi  surface, 
one  would  explain  many  quasiparticle-relating  properties 
of  doped  cuprates  in  a  very  simple  and  natural  way  [2-5]. 

The  dynamical  spin  correlation  function  (SCF)  and  den¬ 
sity  correlation  function  (DCF)  are  also  studied  [6-8].  We 
find  [7]  that  for  hole  densities  ph>03  the  ground  state  of  the 
model  represents  a  fairly  conventional  Fermi  liquid  with  a 
particle-hole  like  spin  and  density  excitation  spectrum.  We 
show  [6, 8]  however  that  they  differ  drastically  for  the  strong- 
correlation  regime  at  ph^O.25:  the  DCF  has  a  Boson-like 
dependence  on  the  hole  density  and  the  hopping  integral 
t  as  its  characteristic  energy  scale,  whereas  the  doping  de¬ 
pendence  of  SCF  is  consistent  with  Fermions  and  it  has 
the  exchange  constant  J  as  energy  scale.  While  the  remark¬ 


ably  systematic  scaling  of  the  correlation  functions  suggests 
the  existence  of  a  simple  ‘effective  theory’  for  the  excitation 
spectrum,  the  particle-hole  picture  thus  is  clearly  insuffi¬ 
cient.  We  then  show  that  the  familiar  spin-bag  picture  pro¬ 
vides  a  promising  framework  for  such  an  effective  theory: 
the  strong  dressing  of  the  hole  with  spin  fluctuations  and 
the  resulting  complex  internal  structure  of  the  spin-bag-type 
quasiparticles  lead  to  a  qualitatively  new  type  of  excitations, 
namely  the  excitation  of  internal  degrees  of  freedom  of  the 
quasiparticles.  Spin  and  density  operator  differ  markedly 
in  their  ability  to  excite  the  various  degrees  of  freedom  of 
the  spin  bag  liquid,  hence  their  very  different  spectra.  It 
seems  obvious  that  the  existence  of  such  new  types  of  exci¬ 
tations,  as  well  as  the  apparently  very  different  response  of 
the  spin-bag  liquid  to  ‘spin-like’  and  ‘charge-like’  perturba¬ 
tions  may  lead  to  experimentally  observable  anomalies  in 
high-temperature  superconductors. 
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Abstract — ^It  is  shown  that  the  experimental  results  on  inelastic  neutron  scattering  for  YBa2Cu307-v  rule 
out  a  possibility  of  extended  s-wave  symmetry  of  superconducting  pairing  being,  on  the  contrary,  in  a  good 
agreement  with  the  d^i-^  symmetry. 


Recent  discussions  of  mechanism  of  high- YcSuperconductivity 
in  cuprates  have  concentrated  on  symmetry  of  supercon¬ 
ducting  order  parameter  (OP).  Almost  all  experiments 
favour  a  superconductivity  of  d-wave  or  extended  s-wave 
symmetry.  It  is  extremely  difficult,  however,  to  distinguish 
between  the  latter  two:  in  both  cases  the  electronic  spec¬ 
trum  is  characterized  by  nodes  in  q-space  and  therefore 
both  give  power-law  dependences  of  density  of  states,  a 
power-law  low-temperature  variation  of  thermodynamical 
functions,  of  NMR  relaxation  rates,  etc.  Moreover,  in  both 
cases  the  sign  of  the  OP  changes  on  Fermi  surface  when 
the  latter  has  the  shape  observed  experimentally  for  bi¬ 
layer  cuprates  [1,2].  Due  to  the  latter  reason,  very  recent 
Josephson  junction  experiments  [3,4],  in  which  a  change  of 
the  sign  of  superconducting  (SC)  OP  have  been  discovered, 
also  rule  out  all  possibilities  except  the  two  mentioned. 

It  is  shown  in  this  paper  that  a  measuring  of  dynamic 
spin  susceptibility  allows  one  to  distinguish  between  the  two 
types  of  symmetry  rather  easily  and  that  the  recent  inelastic 
neutron  scattering  (INS)  data  for  YBa2Cu307„v  (v  a;  0) 
[5-7]  rule  out  the  extended  s-wave  symmetry  being,  on  the 
contrary,  in  a  good  agreement  with  the  symmetry. 

Analysis  based  on  the  theory  [8]  in  which  the  dynamic 
spin  susceptibility  is  given  by  Larkin  equation,  m)  = 
Z(k,  co) / (1  -h  (jo)),  with  two  contributions  to  the  irre¬ 

ducible  part,  S(k,  co).  The  first  one,  a  “localized”  contribu¬ 
tion,  arises  from  the  subsystem  of  localized  on  Cu  spins  and 
is  sensitive  to  the  symmetry  of  short-range  (SR)  AF  cor¬ 
relations.  The  second  one,  an  itinerant  contribution,  arises 
from  the  subsystem  of  propagating  carrier  quasiparticles, 
has  a  BCS  structure  and  is  sensitive  to  the  shape  of  Fermi 
surface  (FS)  and  to  the  symmetry  of  SC  OP.  This  theory 
has  allowed  us  to  understand  many  exotic  features  observed 
experimentally  for  YBa2Cu307-vin  the  underdoped  regime. 

For  the  overdoped  regime  (v  w  0)  the  situation  is  much 
simpler.  The  dynamic  “localized”  contribution  related  to 
SR  AF  correlations  becomes  negligible.  The  static  “local¬ 
ized”  term,  S  =  5(cjo)C{T)IT,  describing  a  response  of 
noninteracting  spins,  remains  but  has  no  influence  on  the 
spin  dynamics.  In  fact,  for  this  regime  theory,  developed  in 


A 


Fig.  1.  Schematic  plot  of  Fermi  surface  for  YBa2Cu307  in  the 
metallic  state.  The  points  shown  as  triangles  correspond  to  nodes 
in  the  case  of  d-wave  symmetry,  =  AqCcos^x  -  cos^^),  and 
those  shown  as  circles  to  these  of  extended  s-wave  one,  = 
Ao(cos^x  +  cos^y).  Nodal  wavevectors,  knod,  for  which  Imx  is  a 
gapless  function  are  shown  as  well  for  both  symmetries. 


a  strong-coupling  limit[9]  and  in  a  weak-coupling  limit  [10], 
give  almost  the  same  expression  for  the  spin  susceptibility: 
the  “RPA”  expression  with  BCS  structure  of  “zero  suscep¬ 
tibility”  S(k,  co).  The  explicit  form  of  the  latter  depends  on 
the  shape  of  FS  and  on  the  symmetry  of  SC  order  param¬ 
eter. 

The  features  of  crucial  importance,  which  allow  the  two 
symmetries  to  be  distinguished,  are  demonstrated  in  Fig.l 
where  I  plot  schematically  a  FS  of  the  shape  typical  for 
bilayer-cuprates  and  show  the  nodes  for  each  type  of  symme¬ 
try.  Being,  roughly  speaking,  two-particle  density  of  states, 
ImS(k,  co)  exhibits  a  low-energy  gap  (resulting  from  the  SC 
gap  in  one-particle  spectrum),  for  all  wavevectors  except 
“nodal”  wavevectors,  knod,  which  join  two  nodes.  For  the 
case  of  (1,1)  direction  corresponding  to  measurements  in 
[5-7],  these  wavevectors,  kfo^  and  k^od?  are  shown  in  Fig.  1. 
The  crucial  point  is  that  for  the  extended  s-wave  symmetry 
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Fig.  2.  Imaginary  part  of  spin  susceptibility  for  two  considered 
symmetries  of  SC  gap  for  T  below  and  above  Tc*  Iii  th©  insert  the 
INS  data  from  [5]  are  shown.  When  calculating  we  use  parameters: 

=  Ao//  =  0.1. 

and  given  shape  of  FS  this  nodal  wavevector  coincides  with 
Qaf,  kfod  =  Qaf.  It  means  that  Im(QAF,  m)  is  a  gapless 
function  whose  shape  does  not  depend  on  the  value  of  the 
superconducting  gap.  On  the  contrary,  for  the  d-wave  sym¬ 
metry,  Im2(k,  co)  exhibits  a  largest  gap  just  for  k  =  Qaf- 
(Its  value  is  given  by  A'^CQaf)  =  2AoVl^iM  where  Ao  is  an 
amplitude  of  SC  gap,  ^  is  a  chemical  potential,  f  is  a  hop¬ 
ping  between  next  nearest  neighbours.)  In  addition  there  is 
a  sharp  peak  in  ImS(QAF.  m)  in  the  case  of  d-wave  sym¬ 
metry.  These  features  result  in  deadly  different  behaviour  of 
Imx(QAF.  m)  for  these  two  cases,  see  Fig.  2.  The  main  fea¬ 
tures  in  the  superconducting  state  are  the  resonance  peak 
and  the  gap  for  the  case  of  d-wave  symmetry  and  the  gapless 
smooth  shape  for  the  case  of  extended  s-wave  one.  A  sec¬ 
ond  important  feature  is  the  strong  difference  in  the  shape 
and  intensity  below  and  above  T^in  the  case  of  d-wave  sym¬ 
metry  and  almost  unchanged  shape  in  the  case  of  extended 
s-wave  symmetry.  I  would  like  to  emphasize  that  the  pecu¬ 
liarities  concerning  the  s-wave  case  do  not  depend  on  values 
of  parameters  used  in  the  calculations. 

The  above  discussed  dynamic  spin  susceptibility  is  a 
quantity  directly  measured  by  INS.  Recent  INS  experi¬ 
ments  for  YBa2Cu307_v  (v  ~  0)  have  discovered  that  the 
imaginary  part  of  the  spin  susceptibility  is  peaked  at  Qaf 
and  that  Imx(QAF.  m)  as  a  function  of  co  below  Tihas  a 
single-peak  structure  and  exhibits  a  gap  [5,6]  or  pseudo¬ 
gap  [7].  Both  the  peak  and  the  gap  disappear  above  Tc, 
Imx(QAF.  m)  becomes  a  smooth  function  of  co  with  in¬ 
tensity  eight  to  ten  times  weaker  than  at  low  temperature. 
(The  data  from  [5]  are  shown  in  the  insert  of  Fig.  2.)  All 
these  features  are  absolutely  inconsistent  with  the  extended 
s-wave  symmetry.  (I  would  like  to  emphasize  again  that  the 
normal-metal  structure  of  Imx(QAF>  m)  in  the  supercon¬ 
ducting  state  in  the  case  of  latter  symmetry  is  the  effect 
which  is  related  only  to  interplay  of  the  shape  of  FS  and 
of  the  symmetry  of  SC  gap  but  not  on  details  of  calcula¬ 
tions.)  On  the  contrary,  in  the  case  of  d-wave  symmetry  the 


Fig.  3.  Momentum  dependence  of  Imx(k.  co)  for  different  energies. 

theoretical  results  are  in  a  good  agreement  with  INS  data. 
It  concerns  the  following  points:  (i)  the  existence  of  the 
gap  (or  pseudogap)  and  of  the  resonance  peak  below  Tc, 
(ii)  the  disappearance  of  both  above  rc(iii)  negligibly  small 
intensity  above  To,  (iv)  the  k-dependence  of  Imx  peaked  at 
Qaf  for  to  close  to  resonance  peak,  see  Fig.  3.  The  only 
difference  is  that  for  lowest  energies  the  theoretical  Imx  is 
peaked  at  k  =  k^od.  that  is  not  observed  experimentally. 
However,  the  intensity  at  these  energies  is  so  small  that  it 
hardly  can  be  detectable  by  INS. 

Summarizing,  the  d-wave  symmetry  of  the  superconduct¬ 
ing  order  parameter  is  strongly  supported  by  INS  data  for 
YBCO.  What  is  more  remarkable,  the  extended  s-wave  sym¬ 
metry  can  be  ruled  out,  being  absolutely  inconsistent  with 
the  results  of  neutron  scattering.  Since  only  these  two  can¬ 
didates  remain  after  precise  recent  measurements  of  Joseph- 
son  junctions,  one  can  conclude  that  the  symmetry  of  the 
superconducting  order  parameter  in  the  overdoped  YBCO 
is  dx2-y^.  One  can  also  extend  this  statement  to  the  whole 
doping  range  corresponding  to  the  heavily  doped  regime  in 
YBCO  because  of  the  existence  of  the  gap  and  of  the  res¬ 
onance  peak  in  Imx(k,  co)  observed  by  INS  below  rdH]- 
The  situation  for  the  weakly-doped  regime  is  not  so  clear, 
for  the  gap  observed  experimentally  is  small  and  the  reso¬ 
nance  peak  is  less  pronounced. 
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Abstract — ^We  have  studied  the  c/-wave  superconducting  transition  temperature  Tc  and  the  isotope  effect  in 
the  spin  fluctuation  models.  We  found  that  the  isotope  exponent  (x  is  at  least  one  order  order  of  magnitude 
smaller  than  typical  observed  values  in  the  cuprates  with  models  coupling  to  harmonic  phonon  degrees  of 
freedom  and  reasonable  limits  on  coupling  strength  and  phonon  spectra.  Models  with  coupling  to  non-linear 
tunneling  modes  in  a  strongly  anharmonic  multi-well  lattice  potential  and  realistic  coupling  strengths  have 
effectively  larger  isotopic  mass  dependences  and  may  therefore  account  for  the  observed  magnitudes  of  a. 


Experimental  evidence  currently  suggests  that  cuprates 
superconductors  exhibit  a  dx2_y2  pairing  state,  supporting 
antiferromagnetic  (AF)  spin  fluctuation  exchange  models. 
However,  away  from  “optimaf’  doping,  the  cuprates  also 
exhibit  a  noticeable  isotope  effect  [1],  which  reflects  the 
electrons’  coupling  to  the  lattice  degrees  of  freedom. 

Based  on  recently  proposed  AF  spin  fluctuations  models 
[2,3],  we  show  here  that  the  observed  order  of  magnitude  of 
the  isotope  exponent  a  =  -dlog(7^)/dlog(A/')  does  imply 
a  large  electron-phonon  (EP)  coupling  parameter  A.  For 
reasonable  coupling  strength  to  harmonic  phonons,  of  is  an 
order  of  magnitude  less  than  the  observed  values.  However, 
EP  coupling  to  local  large-amplitude  lattice  tunneling  ex¬ 
citations  in  an  anharmonic  multiple-well  lattice  potential 
provides  possible  explanation  to  the  experimental  data. 

Assuming  a  single  electron  tight  binding  band  structure 
model  with  1st  and  2nd  neighbor  hopping  t  (=  250meV)  and 
t'  (=  -0.45r),  we  solve  the  full  k-  and  co-dependent  Migdal- 
Eliashberg  equations.  The  effective  electron-electron  inter¬ 
action  potential  Kefr  includes  a  spin-fluctuation  potential 
Ks,  given  by  the  phenomenological  model  proposed  by 
Monthoux  and  Pines  (MP)  [3],  and  a  phonon  contribution 
Pp(q, /V;„)  =  assuming  a  single  elec¬ 

tron  phonon  branch  with  an  energy  dispersion  (7p/8f 
provides  an  estimate  for  the  dimensionless  Eliashberg  pa¬ 
rameter  A. 

In  Fig.  i,  we  show  results  for  the  d-wave  supercon¬ 
ducting  transition  temperature  and  its  isotope  exponent  as 
a  function  of  f/p  for  coupling  to  Einstein  phonons  with 
=  constant  and  assumed  isotopic  mass  depen¬ 
dence  f2o  oc  Unless  otherwise  stated  in  Fig.  1  we 

have  used  Gp  =  SOmeV  and  the  T-independent  spin  fluc¬ 
tuation  parameters  from  Table  II  of  Ref.  [3]  with  spin  fluc¬ 
tuation  coupling  constant  gs  =  640  meV  and  electron  con¬ 
centration  n  =  0.75.  The  d-wave  transition  temperatures 
are  significantly  suppressed  by  the  EP  coupling  Up  but  the 
isotope  exponent  remains  small  even  for  unphysically  large 
Up,  Because  structural  stability  considerations  and  exper¬ 
imental  resistivity  data  in  the  doped  system  limit  Up  less 


Up[meV] 

Fig.  1.  d-wave  transition  temperature  and  isotope  exponents  in 
the  MP  model  [3],  vs.  Up  for  coupling  to  Einstein  phonons. 


than  1  eV  [4],  the  isotope  exponent  is  limited  to  \a\  <  0.1 
in  the  harmonic  phonon  model. 

Figure  2  shows  a  plotted  vs.  Tc  both  for  the  MP  model 
and  for  Hubbard  model,  treated  in  the  fluctuation  exchange 
approximations,  with  Tc  varied  by  increasing  the  EP  cou¬ 
pling  strength.  In  the  Hubbard  calculation  we  are  thus  ex¬ 
plicitly  taking  into  account  the  renormali2ations  of  the  spin 
fluctuations  due  to  the  presence  of  the  phonons  [2].  Again 
we  find  a  limited  to  |of|  <  0.1  for  coupling  to  harmonic 
phonons  with  Up  <  1  eV.  This  is  much  smaller  than  typ¬ 
ical  experimental  values  \(x\  -  1,  illustrated  by  the  data 
for  (Y,Pr)Ba2Cu307,  at  non-optimal  doping,  but  consistent 
with  a  general  McMillan-type  analysis  [4]. 

Figure  2  also  shows  a  vs.  Tc  for  the  exchange  of  strongly 
anharmonic  lattice  tunneling  excitations  in  a  system  of  lo¬ 
cal  anharmonic  double-well  oscillators,  with  Tc  varied  by 
changing  the  EP  coupling  strength.  The  isotope  exponent  is 
much  larger  here  since  the  effective  A  is  strongly  enhanced 
and  varies  exponentially  with  the  isotope  mass.  Thus,  for  a 
given  Tc,  this  model  leads  to  a  larger  a  than  the  harmonic 
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Fig.  2.  Isotope  exponents  vs.  d-wave  Tc  in  the  Hubbard  model 
[2]  with  Ult-6,  n  --  0.86,  t'  -  0,  and  in  the  MP  model  for 
coupling  to  harmonic  phonon  (Oo  =  50meV  and  0  <  C/p  <  2eV), 
and  anharmonic  tunneling  excitation  (see  text).  Plus  symbols  show 
the  O-isotope  data  from  Ref.  [1]. 


In  conclusion  we  have  studied  the  isotope  effect  of  the  d~ 
wave  superconductors  in  AF  spin  fluctuation  models.  The 
large  observed  isotope  exponent  (ex  1)  might  be  explained 
by  the  EP  coupling  to  anharmonic  lattice  tunneling  excita¬ 
tion  but  not  by  coupling  to  harmonic  phonons. 
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phonon  models.  In  contrast  to  harmonic  models,  large  val¬ 
ues  of  «  can  be  obtained  here  without  substantial  increase 
of  the  quasi-particle  damping  and  transport  relaxation  rate 
because  the  isotopic  mass  dependence  of  Tc  arises  primar¬ 
ily  from  the  quasi-particle  mass  enhancement  A  and  not  via 
the  quasi-particle  damping  (pair  breaking). 
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Abstract — propose  that  the  ground  state  of  the  2D  t-J  model  near  half-filling  with  J/t  ~  1/3  has  both 
ferromagnetic  and  antiferromagnetic  fluctuations  leading  to  a  magnetically  frustrated  ground  state.  I  further 
argue  that  the  frustrated  state  is  spin-charge  separated  to  account  for  the  observed  behavior  of  the  equal 
time  spin  and  charge  correlation  functions. 


Attempts  to  understand  high  Tc  superconductors  have 
centered  around  the  2D  copper  oxide  planes  found  in  these 
materials.  One  would  like  to  know  which  features  of  the 
planes  in  the  normal  state  are  essential  to  achieving  high  7^’s. 
Considerable  effort  has  gone  into  understanding  strongly 
correlated  electrons  on  a  square  lattice  [1].  In  particular,  the 
single  band  2D  Hubbard  and  t-J  models  near  half-filling 
have  been  studied  intensively.  The  data  discussed  in  this 
paper  are  from  high  temperature  expansions  [2-4]  for  the 
2D  t-J  model,  concentrating  on  the  optimal  doping  range 
««  0.80-0.85  and  7// ~  1/3. 1  consider  a  scenario  for  the 
planes  in  which  strong  correlations,  two-dimensionality  and 
the  bipartite  nature  of  the  square  lattice  all  play  important 
roles. 

For  models  with  repulsive  interactions  {U  >  0)  the  most 
likely  instabilities  are  magnetic.  It  is  well  established  [5]  that 
the  2D  Hubbard  model  at  half-filling  and  T  =  0  is  an  ordered 
antiferromagnet  (AF)  with  ordering  wavevector  (tt,  tt). 
Away  from  half-filling  AF  order  disappears  rapidly  for  the 
Hubbard  or  t-J  model  and  is  no  longer  present  [2]  for  n  ^ 
0.95,  J/r  --- 1  /  3.  For  the  uniform  susceptibility  Xo  (T’, «)  with 
similar  model  parameters  and  T  <J  different  behavior  is 
observed.  Initially  upon  doping  Xo(7"<7,  n)  increases,  going 
through  a  maximum  [2]  at  n  «  0.80-0.85.  This  maximum 
is  larger  for  smaller  7//,  but  remains  at  the  same  density. 
The  size  of  the  maximum  is  determined  by  the  proximity  to 
a  ferromagnetic  (FM)  region  [3]  at  smaller  J  jt  which  has 
its  greatest  extent  in  J  jt  for  ««  0.80-0.85.  The  FM  region 
for  7/r  >  0  is  not  fully  polarized  and  most  likely  is  part  of 
a  second  order  transition  from  the  fully  polarized  state  at 
Jit  <  0  to  a  paramagnet  at  larger  J  jt.  Having  a  preferred 
density  for  FM  behavior  is  due  to  two  effects  which  act 
to  suppress  FM  fluctuations.  Near  half-filling  for  J  jt  > 
0  AF  fluctuations  are  favored,  while  at  low  densities  the 
strong  correlation  effects  which  produce  magnetic  behavior 
are  reduced  (Kanamori  paramagnetism  [6]). 

The  equal  time  correlation  functions  [2]  for  the  2D  t-J 
model  provide  further  information  on  the  spin  and  charge 
degrees  of  freedom  for  n  w  0.80-0.85.  The  spin  correla¬ 
tion  function  S{q)  (charge  correlation  function  N{q))  has 


2Af  (2A:f^)  as  a  characteristic  wavevector,  where  Ap  (^p*")  is 
the  Fermi  wavevector  for  the  non-interacting  tight  binding 
(spinless  fermion)  model  on  a  square  lattice.  In  2D  Ap  and 
kf  are  incommensurate  and  related  by  a  doubling  of  the 
number  of  occupied  A-states  in  the  Brillouin  zone. 

The  AF  and  FM  correlation  lengths  g  can  be  calculated 
from  the  real  part  of  the  spin  susceptibility  at  co  =  0,  x(^)  by 

X(q)  =  X(0  [1  -  Aaf  ((?.  -  TT?  +  (qy  -  nf)  +  ••■],  (1) 

where  Q-  (tt,  rr)  and  if  A^af  >  0  we  have  Aaf  =  Sf-  For  the 
FM  case  Kp^  and  §pm  are  defined  by  a  similar  expansion 
around  q  =  (0,  0).  Near  half-filling  we  expect  Saf/^i  ^  1 
where  a  is  the  lattice  spacing,  with  ATfm  <0.  This  behavior  is 
shown  as  curves  a  and  b  in  Fig.  1.  However,  upon  further 
doping  to  «  =  0. 80  a  different  picture  emerges.  Now  5af  is 
small,  5af/«  0.3  and 

ATpM,  while  still  negative,  is  closer  to  being  positive  at  low 
r,  shown  as  curves  c  and  d  in  Fig.  1.  Keeping  n  =  0.80 


Fig.  1. 


there  is  a  crossover  in  the  low  T  behavior  of  ATaf  and  ATpm 
for  7//  ^  0.2.  Now  at  low  T,  5fm  exists  as  a  well  defined 
correlation  length,  while  §af  does  not  exist  as  shown  in  Fig. 
2. 
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Fig.  2. 


This  suggests  that  there  is  a  region  around  n  w  0.80,  J  jt  ^ 
i/3  where  the  magnitude  of  x(^)  is  enhanced,  but  xW  is 
also  rather  fiat  as  a  function  of  q. 

The  above  observations  for  the  2D  t-J  model  suggest  that 
for  n  «  0.80,  J  jt  ~  1/3  both  AF  and  FM  fluctuations  are 
important,  leading  to  a  magnetically  frustrated  [7]  ground 
state.  Further,  the  characteristic  wavevectors  observed  for 
S{q)  and  N(q)  in  the  same  parameter  region  [2]  suggest  that 
the  frustrated  magnetic  state  leads  to  distinct  2D  momentum 
distributions  for  the  spin  and  charge  degrees  of  freedom. 
This  is  a  form  of  spin-charge  separation  unique  to  2D, 
Another  way  to  view  the  frustrated  state  is  as  resulting  from 
competition  between  tendencies  towards  long  range  AF  and 
FM  order  with  an  ordered  state  at  7''  =  0  prevented  by  an 
exact  degeneracy  between  the  two  types  of  fluctuations.  The 
exact  degeneracy  is  plausible  in  2D  for  Heisenberg  spins, 
which  by  the  Mermin-Wagner  theorem  [8]  have  7^  =  Tn  =  0. 
This  is  not  true  in  higher  dimensions  where  in  general  Tq  ^ 
7n  and  the  ground  state  is  likely  to  be  the  ordered  state 
with  the  highest  transition  temperature.  Only  by  extreme 
fine  tuning  of  parameters  in  the  model  is  equality  likely  in 
higher  dimensions. 

With  the  point  of  view  expressed  here  the  analogy  of 
2D  to  ID  strongly  correlated  models  is  indirect,  resting  on 
the  idea  of  (different)  degenerate,  competing  instabilities.  In 
ID  there  are  competing  nesting  instabilities  which  must  be 
treated  on  an  equal  footing  to  find  the  correct  ground  state, 
resulting  in  the  Tomonaga-Luttinger  liquid  with  separate 
spin  and  charge  excitations  [9].  In  2D  the  competing  insta¬ 
bilities  are  AF  and  FM,  but  now  if  x(^)  diverges  as  7"  —  0 
for  a  fixed  q  there  is  long  range  order.  Thus  one  distinguish¬ 
ing  feature  for  a  spin-charge  separated  state  in  2D  should 
be  an  enhanced,  relatively  flat  x(^)  over  the  Brillouin  zone. 
The  nature  of  the  competing  instabilities  in  2D  also  restricts 
the  possible  spin-charge  separated  state  to  densities  near 
half-filling,  unlike  ID  where  the  nesting  instabilities  exist 
for  all  densities.  The  phenomenology  of  spin-charge  separa¬ 
tion  [10]  is  likely  common  to  ID  and  2D  strongly  correlated 
systems  (at  least  for  a  limited  range  of  parameters  in  2D) 
though  the  underlying  mechanisms  are  distinct. 

In  conclusion,  I  have  discussed  the  properties  of  the  2D 


t-J  model  (or  large  U  Hubbard  model)  for  ««  0.80 -0.85 
and  J  It  ^  1/3.  I  propose  that  the  2D  t-J  model  for  this 
parameter  range  is  magnetically  frustrated  between  exactly 
degenerate,  competing  AF  and  FM  instabilities,  leading  to 
a  spin-charge  separated  ground  state  distinct  to  2D.  This 
state  requires  the  distinguishing  features  of  the  copper  ox¬ 
ide  planes:  a  single  band,  strong,  repulsive  correlations,  two 
dimensionality,  doping  near  half-filling  and  a  bipartite  lat¬ 
tice.  The  behavior  of  FM  in  the  2D  t-J  model  also  offers 
an  explanation  for  the  optimal  doping  range  ««  0.80-0.85 
observed  in  all  high  Ti  superconductors. 
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Abstract — ^We  have  derived  microscopically  the  Ginzburg-Landau  equations  in  a  superconductor  with 
symmetry.  We  have  found  that  j-wave  order  parameter  is  spontaneously  generated  in  a  purely  ^^-wave 
superconductor  whenever  d-wawQ  order  parameter  is  inhomogeneous.  Examples  presented  are  the  structure  of 
a  single  vortex  and  superconductor  boundary.  We  have  also  obtained  the  time  dependent  Ginzburg-Laudau 
equations  for  such  a  superconductor. 


We  have  derived  microscopically  the  Ginzburg-Landan 
equations  for  a  6? -wave  superconductor  from  Gor’kov  equa¬ 
tions  [1].  We  assume  a  two-dimensional  Fermi  surface  and 
make  the  following  ansatz  for  the  interaction  and  order 
parameter: 


F  (k  -  k')  =  -Vs  +  VAkl  -  Vs,  V^  >  0(1) 

A*(R,k)  =s*(R) +d*(R)(k^-kp.  (2) 


We  obtain,  in  terms  of  free  energy  functional  [2] 

/  =  2oislsl^-ln(TJT)ldl^  + 

+  +  d*V)  +  2|ns* 

+  -  n^^sUyd*  +  h.c.Y  (3) 


(4) 


where  =  2(1  +  2F/F,)/N(0)Fi  and  H  =  -iV  -  2eA. 
We  have  also  made  the  equation  dimensionless  by  defining 
§0  =  V«Vi^/2,  Ao  =  V4/3a  where  a  =  7^(3)/8(7Trc)^. 

The  superconducting  state  described  by  the  above  equa¬ 
tion  is  purely  d-wave  in  the  bulk  with  a  single  transition 
temperature.  What  is  remarkable  about  our  result  is  that 
we  are  able  to  show  5- wave  component  exists  even  with  a 
repulsive  Vs.  The  physics  is  very  different  from  the  earlier 
works  on  mixed  s  -h  d  state  where  the  interaction  is  attrac¬ 
tive  in  both  s  and  d  channels  and  thus  two  different  tran¬ 
sition  transition  temperatures  exist  [3],  which  is  unlikely  to 
be  relevant  to  high  Tc  superconductors. 

The  existence  of  the  mixed  gradient  term  implies  that 
whenever  i^-wave  order  parameter  varies  in  space,  5-wave 
component  will  be  spontaneously  generated.  One  important 
example  is  the  structure  of  a  single  vortex,  previously  calcu¬ 
lated  only  numerically  [4].  Our  Ginzburg-Landau  equations 
can  be  readily  solved  either  analytically  for  the  asymptotic 
behaviors  or  numerically  for  the  whole  space  behavior.  The 
most  interesting  feature  is  the  opposite  winding  5-wave  com¬ 
ponent  induced  near  the  center  [5].  Far  away  from  the  core. 


5  component  decays  as  1  /  and  has  significant  contribu¬ 
tions  from  both  -1  and  4-3  windings  that  combine  to  give 
the  profile  a  shape  of  four-leafed  clover.  The  local  magnetic 
field  also  possesses  four-fold  symmetry  which  in  principle 
could  be  measured  directly  by  scanning  SQUIDS. 

Our  Ginzburg-Landau  equations  can  also  be  used  to 
study  the  proximity  effect  at  the  surface  of  a  ^-wave  su¬ 
perconductor.  We  found  that  a  small  5-wave  component  is 
induced  near  the  surface.  The  total  order  parameter  near 
surface  is  a  real  combination  of  5-  and  i5?-wave  components 
and  their  relative  sign  is  given  by  the  sign  of  -cos(20), 
where  0  is  the  angle  between  the  normal  direction  of  the 
surface  and  x  axis.  Such  a  mixture  of  s  and  d  could  explain 
the  gap  anisotropy  observed  in  experiments  [3]. 

We  have  also  obtained  the  time  dependent  Ginzburg- 
Landau  equations  for  a  ^/-wave  superconductor, 

-y  {s*  -  2ie^s*)  =  ^,  -hd*  -  2ie<i>d*)  =  %  (5) 
05  2  oa 

V  xV  X  A  =  J„  -1-  Jj,  (6) 

J  „  =  o-^E  +  o-^E  X  n,  J,  =  E  =  -  V4>  -  3, .4,(7) 

oA 

and  the  equations  to  determine  the  longitudinal  conduc¬ 
tivity  and  Hall  conductivity.  The  detailed  solution  will  be 
given  elsewhere. 


REFERENCES 


1.  Gor’kov  L.  R,  Zh.  Exp.  Theor.  Fiz.  36,  1918  (1959);  Soviet  Phys. 
JETP  9,  1364  (1960). 

2.  Ren  Y,  Xu  J.  H.  and  Ting  C.  S.,  Phys.  Rev.  Lett.  74,  3680  (1995). 

3.  Joynt  R.,  Phys.  Rev.  B  41,  4271  (1990).  Betouras  X  and  Joynt 
R.,  preprint  (1995). 

4.  Soininen  P.  I.,  Kallin  C.  and  Berlinsky  A.  X,  Phys.  Rev.  B  50, 
13883  (1994). 

5.  Volovik  G.  E.,  JETP  Lett.  58,  469  (1993). 


1749 


Pergamon 


l  Phys.  Chem.  Solids  Vol.  56,  No.  12,  pp.  1751-1752,  1995 
Copyright  ©  1995  Elsevier  Science  Ltd 
Printed  in  Great  Britain.  All  rights  reserved 
0022-3697/95  $9.50  +  0.00 


0022-3697(95)00194-8 
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Abstract— A  first  principles  determination  of  surface  effects  on  the  electronic  structure  of  Bi2201  is  presented. 
We  show  that  these  effects  will  modify  the  Local  Density  Approximation  (LDA)  answer  to  the  electronic 
structure  of  Bi2201  and  thus  should  be  considered  if  a  comparison  is  made  to  surface  sensitive  experimental 
findings. 


One  of  the  most  relevant  issues  in  the  study  of  high  tempera^ 
ture  superconductors  is  the  understanding  of  their  electronic 
structure  at  and  near  the  Fermi  edge.  The  great  improve¬ 
ments  in  energy  resolution  and  detection  efficiency  of  An¬ 
gular  Resolved  Photoemission  Spectroscopy  (ARPES)  pro¬ 
vides  us  with  an  scenario  with  many  interesting  features  in 
the  electronic  structure.  Some  of  these  have  been  explained 
and  even  predicted  by  band  theory  (e.g.  large  Fermi  sur¬ 
faces)  but  at  present  many  elements  of  the  data  seem  not  to 
be  well  described  within  this  approach.  It  has  recently  been 
put  forward  in  the  interpretation  of  ARPES  results  that  one 
must  go  beyond  one-electron  theory  for  a  complete  descrip¬ 
tion  of  the  electronic  structure  of  these  materials  by  use  of 
many  body  approaches  [1]. 

Nevertheless  one  should  recall  that  the  samples  used  in 
the  experiments  are  not  the  perfect  crystals  which  are  as¬ 
sumed  in  the  first  principles  bandlike  theoretical  studies  and 
that  ARPES  is  a  surface  sensitive  technique.  The  observed 
distribution  curves  are  then  related  to  electrons  confined  to 
the  outermost  cell  of  the  crystal  but  the  experimental  re¬ 
sults  are  generally  interpreted  in  terms  of  bulk  transitions 
or  bulk  band  structures. 

It  is  then  important  to  assess  which  are  the  modifications 
introduced  to  the  LDA  band  structure  by  the  complexities 
of  real  crystals:  non-stoichiometry,  inconmensurate  super¬ 
structures  or  surface  terminations. 

Here,  we  concentrate  on  the  effects  introduced  in  the 
electronic  structure  by  the  surface  of  the  crystal.  We  have 
specifically  studied  Bi2201.  To  this  end  we  have  carried  out 
a  first  principles  determination  of  surface  effects  on  the 
electronic  structure  within  the  LDA.  Several  basal  plane 
surface  terminations  are  possible,  but  the  most  probable 
candidate  (for  which  we  carried  out  our  study)  is  the  Bi-0 
surface  obtained  by  splitting  the  crystal  through  the  Bi-0 
double  layer.  It  is  this  surface  which  is  known  to  cleave  most 
readily. 

We  have  used  the  Full  Potential  Linear  Muffin  Tin  Orbital 
(FP-LMTO)  method[2]  and  all  details  of  the  calculation  are 
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Fig.  1-  Calculated  PBBS  for  bulk  Bi2201  in  the  high-symmetry 
directions  of  the  surface  BZ. 


the  same  as  in  our  previous  study  of  the  bulk  electronic 
bands  of  Bi2201  and  of  non-stoichiometric  effects  [3],  Part 
of  the  results  have  previously  been  presented  elsewhere  [4]. 

Bi2212  and  to  a  lesser  extent  Bi2201  have  inconmensurate 
superstructures.  Torardi  et  al  [5]  have  proposed  an  approxi¬ 
mate  structure  that  can  be  viewed  as  a  distorted  a/2x  ver¬ 
sion  of  a  still  simpler  prototype  bet  phase  with  one  Bi2201 
formula  unit  per  primitive  cell.  To  eliminate  all  complica¬ 
tions  derived  from  structural  modifications  and  concentrate 
only  on  surface  related  effects  we  havw  used  the  atomic  posi¬ 
tions  of  the  stoichiometric  idealized  bet  structure  based  on 
the  work  of  Torrance  et  al  [6].  To  simulate  the  surface  three 
bulk  unit  cells  and  one  cell  of  empty  spheres  were  stacked 
along  the  c-axis  and  a  three  dimensional  calculation  (“su- 
perlattice”)  performed.  This  slab  is  sufficiently  large  so  as 
to  reproduce  bulk  like  character  in  the  inner  cell  and  the 
size  of  the  empty  region  is  large  enough  so  as  to  decouple 
the  interaction  of  the  two  surfaces. 

The  projected  bulk  band  structure  (PBBS)  of  Bi2201  is 
shown  in  Fig.  1  along  symmetry  lines  of  the  surface  BZ.  At 
M  the  c-axis  dispersion  is  less  than  0.05  eV.  Near  Ef,  bands 
of  two  different  character  appear:  an  antibonding  Cu  d  (x2- 
y2)-0(l)  p(x,y)  band  from  th^u02  planes  which  have 
an  extended  character  around  M  and  bands  with  Bi-0(2) 
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of  Bi2201  to  make  a  direct  comparison  with  ARPES  find¬ 
ings.  We  have  not  included  in  our  surface  calculation  the  in- 
conmensurate  superstructure  nor  other  complexities  of  real 
crystals  but  beleive  that  surface  effects  will  also  affect  the 
calculated  band  structure  in  those  cases  too.  In  our  (3+1) 
cell  the  surface  introduced  states  in  a  gap  of  the  PBBS  with 
dispersion  characteristics  similar  to  those  predicted  experi¬ 
mentally. 
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Fig.  2.  Calculated  band  structure  for  (3+1)  cell.  Same  high- 
symmetry  directions  as  in  Fig.  1. 
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Fig.  3.  Charge  density  contour  plots  of  bulk  Bi2201  and  (3+1) 
cell  near  the  surface  (the  Bi-O  plane). 


character.  These  latter  dip  below  E/*  near  M  and  are  anti¬ 
bonding  combinations  of  Bi  p(x,y>0(2)  p  (x,y).  In  Fig.  2 
the  band  structure  corresponding  to  the  (3+1)  cell  is  shown. 
The  most  striking  feature  brought  by  the  introduction  of 
the  surface  is  the  splitting  of  the  flat  part  of  the  antibond¬ 
ing  copper-oxygen  band  near  M  above  Ep  .  For  the  states 
close  to  E/r  and  which  fall  in  a  broad  gap  of  the  PBBS  the 
character  comes  from  the  outer  Cu-O  planes.  On  the  other 
hand  the  flat  band  0.2  eV.  higher  is  mainly  bulk  like  com¬ 
ing  from  the  central  cell.  The  exact  position  of  the  Fermi 
level  is  somewhat  undetermined  since  it  depends  critically 
on  differerent  factors  not  taken  into  account  in  our  calcu¬ 
lation:  our  simplified  bet  cell  representation  of  the  crystal 
structure,  occupation  of  Bi  on  the  Sr  sites  observed  by  X- 
ray  studies  [3]  or  apical  oxygen  vacancies.  Because  of  all 
this  it  is  difficult  to  say  if  the  flat  band  will  be  occupied  or 
empty.  In  Fig  3  the  ab-initio  determined  electronic  charge 
density  (including  valence  and  semicore  electrons)  for  the 
bulk  crystal  of  Bi2201  and  that  for  the  crystal  with  a  sur¬ 
face  is  shown.  Charge  density  contours  ranging  from  0  to 
0.2  electrons/(au)^  are  shown  for  the  plane  that  cuts  Cu,Sr, 
apical  oxygen,  Bi  and  the  oxygen  of  Bi-O  plane.  We  should 
point  out  that  although  the  changes  of  the  charge  readjust¬ 
ment  are  small  they  go  deep  all  the  way  through  a  whole 
cell  («  10  A). 

We  conclude  that  termination  effects  will  need  to  be  in¬ 
cluded  in  an  LDA  assessment  of  the  electronic  structure 
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Abstract— We  consider  the  anisotropic  t-J  model  with  the  c-axis  parameters  tc  and  Jc  different  from  their 
in-plane  counterparts,  t  and  J.  Within  the  slave-fermion  mean-field  approximation  it  is  shown  that  the  spiral 
state  exhibits  charge-confinement  in  the  intermediate  5  regime.  In  the  confined  state  the  hopping  amplitude 
<  c}(^CjcT  >  =  0  along  the  c  direction  so  that  c-axis  resitivity  is  infinite  at  T  =  0. 


The  normal-state  resistivity  of  the  cuprate  superconductors 
is  metallic  in  the  ab  plane  but  is  characteristic  of  an  insu¬ 
lator  along  the  c  direction,  leading  to  the  possibility  of  the 
remarkable  phenomenon  of  confinement  [1,2].  By  continu¬ 
ity,  such  a  behavior  is  not  expected  to  occur  in  a  Fermi  liq¬ 
uid.  In  addition,  confinement  is  at  the  heart  of  the  proposed 
pair-tunneling  mechanism  which  is  in  essence  a  deconfining 
process  [3].  Theoretical  treatments  so  far  have  been  focused 
on  a  collection  of  weakly  coupled  Hubbard  chains  [2].  In 
this  paper  we  study  confinement  in  a  collection  of  Hub¬ 
bard  planes,  more  specifically  in  the  anisotropic  t~J  model 
described  by  the  Hamiltonian 

=  -  Z  ^  Z  ~ 

i]  ^  ij 

Here  the  in-plane  hopping  parameter  tab  =  t  and  the  ex¬ 
change  interaction  Jab  =  J  are  in  general  different  tc  and 
the  corresponding  quantities  along  the  c  axis.  Not  all  the 
parameters  are  free  since  the  t-J  model  is  thought  to  be  de¬ 
rived  from  an  underlying  Hubbard  model  {Jij  =  ^tfjlU)  so 
that  JclJ  =  (4/0^-  There  are  therefore  three  independent 
parameters:  tlJ,'^  =  tclt  and  the  hole  density  5, 

Confinement  is  presumably  intimately  connected  with 
spin-charge  separation.  While  model  (1)  is  not  exactly  solv¬ 
able,  in  two  dimensions  a  number  of  approximate  ground 
states  have  been  proposed  that  exhibit  spin-charge  separa¬ 
tion.  Here  we  study  the  spiral  states  in  the  Schwinger-boson 
slave-fermion  representation:  Cio-  -  h} bio-,  where  creats  a 
fermionic  hole  and  bio-  destroys  a  bosonic  spin  [4].  We  will 
impose  the  constraint  h] /?,  +  So-  b^obia  =  1  on  the  average.  A 
mean-field  decomposition  leads  to  following  Hamiltonians: 

Hh  =  iXtijBijhhj  (2) 

iJ 

“  X  ^  bicrbj-o .  (3) 

ija-  ij<T 

Here  Dij=<h}hj>  is  the  average  hopping  amplitude.  This 
is  associated  with  ferromagnetic  backflow  Bij  =<  bi^bja  >. 


Fig.  1.  Phase  diagram  in  the  d-tdt  plane  for  two  tfJ  =  3  (squares) 
and  tjJ  =  5  (diamonds).  In  each  case,  the  confined  state  (Dc  =  0) 
has  a  lower  energy  in  the  V-shaped  region.  The  transition  is  first 
order. 


And  Aij  =  5  <  {bi^bji  -  bnbjd  >  represents  the  antifer¬ 
romagnetic  correlations  associated  with  the  exchange  term. 
We  have  shown  that  in  two  dimensions  this  competition 
gives  rise  to  [4,5]  an  incommensurate  spiral  metallic  state 
that  evolves  continuously  from  the  Neel  state  at  5  =  0  to  a 
ferromagnetic  state  at  large  t5/J.  The  spiral  state  is  favored 
over  double  spiral  and  canted  states  and  is  stabilized  against 
phase  separation  and  domain  walls  by  Coulomb  repulsion 
[5,6]. 

In  the  present  problem  the  in-plane  amplitudes  (Dab,  Bab 
and  Aab)  are  in  general  different  from  those  along  the  c 
directions  (Dc,  Be  and  Ac).  We  have  solved  the  mean-field 
equations  numerically  for  various  values  of  tab  I  Jab,  5  =  ^dtab 
and  5.  One  self-consistent  solution  is  found  to  be  the  usual 
spiral  metallic  state  which  evolves  continuously  out  of  the 
Neel  state.  For  this  state  all  the  mean-field  amplitudes  in¬ 
cluding  Dc  and  Be  are  nonzero  and  hence  there  is  no  con¬ 
finement.  In  addition,  the  state  with  Z)c  =  0  (and  hence 
Be  =  0)  is  also  a  self-consistent  solution.  This  is  clearly  a 
direct  consequence  of  spin-charge  separation.  Charge  can 
propagate  in  the  ab  plane  in  this  case  (Dab  ^  0).  Hence  Dc 
can  be  thought  of  as  the  order-parameter  for  deconfining 
transitions. 

While  spin-charge  separation  can  lead  to  confinement,  it 
does  not  guarantee  that  such  a  state  is  favored  energetically. 
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Fig.  2.  The  hole-hopping  amplitude  Ddi-S)  and  the  ordering 
wavevector  along  the  c-direction  Qz  =  ^  (diamonds)  vs  tdt. 
Note  that  Qc  is  essentially  zero  (ferromagnetic)  in  the  unconfined 
phase.  Close  to  the  transition  it  aquires  a  spiral  character,  and 
at  the  transition  jumps  to  tt  corresponding  to  antiferromagnetic 
correlations  in  the  confined  phase. 


The  ground-state  energy  is  given  by 


Eg  =  StDabBab  +  AtcDcBc  —  2JcRc,  (4) 

where  Rtj  =  Ajj  -  Bjjll  +  (1  -  5)^/8.  In  general  D  and  B 
have  opposite  signs  and  R  >  0.  For  physically  interesting 
values  of  ^  we  find  that  the  unconfined  phase  has  a 
lower  energy  both  at  small  and  large  5.  But,  as  shown  in 
Fig.  1,  for  intermediate  5  there  is  a  region  in  the  dddt 
plane  where  the  confined  state  is  favored.  Interestingly,  for 
fixed  tjJ  and  5,  the  mean-field  state  is  unconfined  at  small 
tdt,  and  with  increasing  tdt  there  is  a  first-order  transition 
to  a  confined  state.  This  is  because  as  4  decreases,  Jc  oc  t] 
decreases  more  rapidly.  This  favors  ferronaagnetic  alignment 
and  deconfinement.  These  results  are  summarized  in  Fig.  2. 

For  5  not  too  large  the  hole  hopping  amplitude  D  in  the 
isotropic  3D  case  is  given  by  Dz(5)  w  -5  +  In 

two  dimensions,  Z>2(5)  w  -5  +  Hence,  the  hopping 

energy  per  bond  can  be  lower  in  two  dimensions.  When  4 
and  5  are  not  too  small,  the  system  can  gain  maximum 
exchange  energy  in  the  c  direction  and  maximum  kinetic 
energy  in  the  ab  plane  by  having  Be  -  Dc~  0. 

To  summarize,  we  have  shown  that  spiral  state  in  the 
anisotropic  t~J  model  exhibits  charge  confinement.  For  a 
more  realistic  treatment  one  needs  to  include  fluctuations 
that  destroy  long-range  magnetic  order  and  reconstruct  the 
Luttinger-Fermi  surface,  as  shown  previously  for  the  2D 
model  [7].  Such  fluctuations  are  likely  to  bring  the  region 
of  satbility  of  the  confined  state  to  smaller  values  of  5  and 
4/4  Nonetheless,  there  are  some  interesting  consequences 
of  confinement  in  our  simple  theory.  (1)  In  the  confined  state 
the  magnetic  correlations  along  the  c  direction  is  peaked 
at  Qc  =  TT,  while  the  correlations  in  the  ab  plane  remains 
incommensurate.  (2)  The  c-axis  resistivity  is  strictly  infinite 
at  r  =  0,  since  \Ci(^Cja-  >=  -DijBij  -  0.  However,  at  finite 
T  or  frequency  there  will  be  an  incoherent  contribution  to 
the  conductivity.  Such  a  contribution  will  be  activated  if 
there  is  a  spin  gap. 
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Abstract — Phase  stability  and  magnetic  properties  of  perovskite  LaCoi-xNijcOsare  studied  by  the  full- 
potential  linearized  augmented-plane-wave  method.  For  LaCoOaand  LaNiOga  non-magnetic  state  is  ob¬ 
tained.  A  ferromagnetic  state  is  stabilized  in  a  composition  range  0.25  <  x  <0.1.  These  calculated  results 
agree  well  with  experimental  results  qualitatively.  The  mechanism  of  stabilizing  the  ferromagnetic  state  is 
also  presented. 

Keywords:  Band  structure  calculation,  magnetic  phase  stability,LaCoi-;cNix03 


In  some  composition  range  of  LaCoi--xNi;c03  mag¬ 
netic  ordering  occurs  despite  the  non-magnetic  character 
of  LaCoOs  and  LaNiOs.  Asai  et  al.  [1]  reported  that 
LaCoi-jfNixOs  is  a  ferromagnet  with  a  spin  glass  like 
character,  while  Vasanthacharya  et  al  [2]  suggested  a  ferri- 
magnetic  ordering  from  the  temperature  dependence  of  the 
susceptibility.  In  either  case,  a  mechanism  of  stabilizing  the 
magnetic  ordering  is  not  sufficiently  clear.  For  the  purpose 
of  clarifying  the  mechanism  of  stabilizing  the  magnetic 
ordering,  the  phase  stability  between  magnetic  and  non¬ 
magnetic  states  and  the  magnetic  properties  are  studied 
forLaCoi-xNixOs  by  using  the  all-electron  full-potential 
linearized  augmented-plane-wave  (FLAPW)  method  in  the 
local  spin-density  approximation  (LSDA).  We  assume  that 
LaCoi-xNi;c03  has  ferromagnetic  ordering,  although  there 
are  many  possible  magnetic  orderings. 

At  first  we  study  the  phase  stability  and  the  mag¬ 
netic  properties  of  the  parent  compound  LaCoOa. 
LaCoi_xNix03  has  a  rhomb ohedral  perovskite  structure. 
The  calculated  lattice  constant  of  LaCoOs  is  in  good 
agreement  with  the  experiment  [3,4]  within  1%  error.  This 
calculation  shows  that  the  non-magnetic  state  is  more  sta¬ 
ble  than  the  ferromagnetic  state  at  the  equilibrium  lattice 
constant.  The  energy  difference  between  these  states  is 
9  meV  (100  K)  per  formula  unit,  and  it  is  interesting  to 
note  a  good  correspondence  between  this  energy  difference 
and  the  transition  temperature  from  low  spin  state  to  high 
spin  state  [5].  Since  the  ferromagnetic  state  becomes  more 
stable  by  a  volume  expansion,  thermal  expansion  of  the 
volume  may  be  one  of  the  origins  of  the  temperature  in¬ 
duced  paramagnetism  observed  experimentally.  In  fact  lat¬ 
tice  constants  of  LaCoOa  expand  by  about  0.7%  from  4  K 
to  room  temperature  [4].  For  LaNiOs  the  calculated  lattice 
constant  is  also  in  good  agreement  with  the  experiment  [6]. 
In  this  study  the  system  turns  out  to  be  a  non-magnetic 
metal;  ferromagnetic  state  is  not  obtained.  It  is  consistent 
with  the  Pauli-like  susceptibility  in  experiment  [7,8]. 


Fig.  1.  The  calculated  magnetic  moment  per  formula  unit  as  a 
function  of  the  Ni  concentration  for  LaCoi-^fNi^Os. 


LaCoi-xNix03  (x  =  0.1, 0.25, 0.5, 0.7, 0.8)  are  treated  by 
the  virtual  crystal  approximation.  The  ferromagnetic  states 
are  obtained  for  x  =  0.25,  0.5  and  0.7.  The  ferromagnetic 
state  is  more  stable  than  the  non-magnetic  state  by  about 
20  meV  for  x  -  0.25  and  0.5,  while  for  x  =  0.7  the  energy 
difference  between  these  states  is  only  2  meV.  A  composition 
dependence  of  the  magnetic  moment  per  formula  unit  is 
shown  in  Fig  1.  Magnetic  moments  slightly  increase  with  x 
for  X  <  0.5,  and  decrease  for  x  >  0.5. 

To  elucidate  the  mechanism  of  stabilizing  the  ferromag¬ 
netic  state,  we  compare  the  densities  of  states  (DOS)  be¬ 
tween  the  non-magnetic  state  of  x  =  0  (Fig.  2)  and  the  fer¬ 
romagnetic  state  of  X  =  0.5  (Fig.  3).  The  reason  why  the 
non-magnetic  state  is  stabilized  for  x  =  0  is  that  the  Fermi 
level  is  located  at  a  dip  of  the  DOS.  This  dip  is  due  to  the 
energy  separation  between  Co  de  and  dy  states.  If  the  rigid 
band  is  assumed  for  x  >  0,  increase  of  the  number  of  elec¬ 
trons  of  virtual  atom  moves  the  Fermi  energy  to  the  higher 
energy.  For  x  =  0.25  and  0.5,  the  Fermi  level  is  located  near 
the  spike  just  above  the  dip  separating  the  ds  and  dy  states; 
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Fig.  2.  Total  density  of  states  of  non-magnetic  LaCoOg. 


Fig.  3.  Total  density  of  states  of  ferromagnetic  LaCoo.5Nio.5O3. 


therefore  the  non-magnetic  state  of  x  0.25  and  0.5  be¬ 
comes  unstable  to  the  ferromagnetic  state  due  to  the  Stoner 
condition  [9,10].  For  the  ferromagnetic  state  of  x  =  0.5  the 
Fermi  level  is  located  at  the  dip  of  the  down-spin  DOS; 
the  ferromagnetic  state  is  stabilized.  For  x  =  0.7  the  Fermi 
level  is  forced  to  be  located  at  higher  energy  than  the  dip  of 
the  down-spin  DOS.  It  makes  the  magnetic  moment  smaller 
than  that  of  x  =  0.5,  and  the  ferromagnetic  state  less  stable. 

The  lattice  constant  is  chosen  to  be  a  =  10.1  a.u.  and 
c  =  24.26  a.u.  for  the  hexagonal  unit  cell  which  is  close  to 
the  calculated  equilibrium  lattice  constant  of  LaCoOs  and 
LaNiOs.  The  lattice  constant  dependence  is  examined  only 
for  X  =  0.5,  and  there  is  no  significant  change  in  the  DOS. 
We  have  used  an  extreme  model  for  the  mixed  crystal;  i.e.  Ni 
and  Co  atoms  are  replaced  with  one  species  of  virtual  atoms. 
However,  since  the  dip  of  DOS  discussed  above  comes  from 
the  octahedral  crystal  field  splitting  of  d  states,  it  is  very 
common  and  independent  of  the  atomic  species.  Therefore, 
even  in  the  real  mixed  compoimd,  both  Co  and  Ni  may 
adjust  the  number  of  their  electrons  so  that  Co  and  Ni  may 
have  a  common  local  DOS  for  down-spin  electrons  with  a 
well  defined  dip  at  the  Fermi  level.  Alloying  effects  in  the  up- 


spin  electron  states  will  not  modify  the  present  calculation 
either  because  the  up-spin  DOS  is  fairly  smooth  at  the  Fermi 
level.  We  would  like  to  point  out  that  the  situation  is  quite 
similar  to  that  in  Fe  based  Fe-Co  alloys  [11,12]. 

In  summary,  the  phase  stability  and  magnetic  properties 
of  LaCoi-xNijcOa  are  discussed.  The  ferromagnetic  state  is 
stabilized  in  the  composition  range  0.25  <  x  <  0.7,  and  the 
magnetic  moment  of  Co  and  Ni  increases  with  x  for  x  < 
0.5,  and  decreases  for  x  >  0.5.  The  ferromagnetic  state  is 
stabilized  so  that  the  Fermi  level  is  fixed  at  a  dip  of  minority- 
spin  DOS  which  comes  from  the  octahedral  crystal  field 
splitting. 
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Abstract — The  electronic  Raman  spectra  of  Bi2Sr2CaCu208  are  measured  at  35  K.The  polaron  model  of 
carrier  is  presented  and  the  results  of  Raman  and  angle  resolved  photoemission  spectra  are  explained  in 
reasonable  way. 


Raman  Shift  (cm 


Fig.  1 .  Electronic  Raman  spectra  of  Bi2212  measured  for  {x,  x)  and 
(x,  y)  polarizations  at  35  K.  Ijv(35  K)  are  obtained  by  extrapolation 
of  100  K  (normal  state)  spectra  with  correction  of  temperature 
factors. 


1.  INTRODUCTION 

Symmetry  properties  of  carriers  in  Bi2Sr2CaCu208  (Bi2212) 
have  been  studied  by  Raman  spectra  [1],  however,  little  at¬ 
tention  has  been  paid  for  to  significance.  We  have  measured 
Raman  spectra  of  single  crystals  of  Bi2212  for  a  wide  tem¬ 
perature  range.  A  polaron  model  of  Bi2212  is  presented 
and  the  Raman  and  angle  resolved  photoemission  spectra 
(ARPES)  [2-5]  are  interpted  on  this  model. 
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Fig.  2.  Polarization  modes  of  CuOj  cluster  HOMO. 


2.  RAMAN  SPECTRA 

Electronic  Raman  spectra  of  Bi2212  were  measured  by 
(x,y)  and  {x,x)  polarization  to  select  Big  and  Ai^  +  B2^ 
modes.  (Fig.  1)  In  the  superconducting  (SC)  state  at  35  K, 
new  peaks  were  found  at  400  and  300  cm“^  for  the  Bi^  and 
Aig  modes,  respectively,  and  the  SC  gap  was  found  only  for 
the  Big.  The  peak  positions  were  different  from  2A  values. 


3.  POLARON  STATES 

The  HOMO  and  next  HOMOs  (NHOMO)  of  CuO|-  ion 
are  composed  of  02pTr  orbitals  [6].  By  doping,  the  holes  are 
produced  in  the  HOMO  or  NHOMOs,  and  the  electronic 
transitions  between  these  levels  are  allowed.  In  the  crystal, 
these  levels  might  be  mixed  by  the  configuration  interaction, 
and  the  HOMO  levels  might  be  dressed  with  the  electronic 
polarization.  We  call  this  state  a  polaron  of  Bi2212.  Four 
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Fig.  3.  Energy  levels  of  polaron  bands  of  HOMO  and  NHOMO 
bands. 


Fig.  4.  Energy  contour  for  the  Aig  and  and  NHOMO  bands. 

The  occupied  levels  by  setting  Ejr  -  -0.05  eV  are  hatched. 

polaron  modes,  Ai^,  and  two  Ew,  are  assumed  to  have 
small  dipole  moments  as  shown  in  Fig.  2.  The  energy  band 
structure  are  calculated  (Fig.  3)  by  the  screened  dipole  in¬ 
teraction.  For  the  NHOMO  levels,  the  tight  binding  energy 
bands  are  calculated  by  taking  the  nearest  neighbor  inter¬ 
action  of  a  half  cell  including  a  Cu02  unit.  Actually,  the 
NHOMO  is  degenerate,  accordingly  these  levels  below  the 
FS  are  almost  filled. 


4.  EVTERPRETATION  OF  RAMAN  AND  ARPE 
SPECTRA 

By  the  use  of  Fig.  3  and  the  energy  contour  of  Fig.  4, 
the  Raman  bands  at  SC  states  are  explained  by  the  fact  that 
the  400  cm"^  peak  in  the  Bi^  mode  appears  at  M  and  the 
300  cm”^  peak  in  the  Ai^  mode  is  found  at  the  mid-point 
of  T-M  where  both  the  Aig  and  Bi^  levels  exist. 

ARPES  of  Bi2212  are  well  correlated  to  the  contour  map 
(Fig.  4),  where  the  Fermi  level  is  set  at  -0.05  eV  of  calculated 
binding  energy.  Two  FS  were  found  around  T  [2],  the  inner 
one  is  due  to  the  Bi^  polaron  band  and  the  broad  one  is 


due  to  the  NHOMO  band.  Another  FS  was  found  around 
X(Y)  [3-5];  it  may  be  the  degenerate  NHOMO  band  or  the 
Bi^  polaron  band.  In  fact,  the  flat  band  is  noticed  at  M  in 
the  ARPES,  and  this  region  is  assigned  to  the  Ai^  polaron 
band,  which  is  centered  at  M.  The  presence  of  large  flat 
band  at  M  is  exactly  coincident  with  the  population  of  the 
Aig  band. 

5.  PAIR  FORMING  INTERACTION 

The  electronic  transition  between  the  Ai^  polaron  band 
to  the  unoccupied  NHOMO  band  is  electronically  allowed. 
The  exciton  interaction  is  largest  at  M  since  these  two  levels 
are  almost  degenerate  at  M.  The  pair  formation  is  most 
effective  in  this  region.  The  anisotropy  of  gap  in  the  T- 
M-X  plane  may  be  estimated  by  the  exciton  type  dipole 
interaction,  and  it  indicates  that  A  is  d/2_/2  type.  The 
polaron  model  of  exciton  interaction  is  consistent  with  a  d- 
wave  symmetry  of  the  gap.  The  formation  or  population  of 
the  Ai^  polaron  band  is  much  less  in  Bi2201  and  NCCO, 
which  show  lower  Tc,  accordingly  it  may  be  correlated  to 
the  origin  of  high  Tcmechanism. 
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Abstract — Basic  properties  of  the  Jospephson  effect  in  an  5-wave  superconductor/  Insulator/ 
superconductor  {sjlfd)  junction  and  a  c?;^.2__j,2-wave  superconductor/  Insulator/^42__J,2-wave  superconductor 
{dllfd)  junction  are  clarified  for  various  crystal  orientations.  In  both  junctions,  the  phase  difference  cp 
dependence  of  the  supercurrent  does  not  always  exhibit  the  usual  sinusoidal  behaviour.  In  general  the 
minimum  Free  energy  occurs  neither  at  (p  =  0  or  cp  =  rr.  Zero-energy  bound  states  of  quasiparticles  which 
are  formed  at  zero  energy  can  induce  anomalous  temperature  dependence  of  maximum  supercurrent  in  some 
d/I  Id  junctions. 


1.  INTRODUCTION 

The  Josephson  effect  involving  high  Tc  superconductors  is 
one  of  the  interesting  problems  of  the  field,  since  several 
theories  and  experiments  suggest  ^f-wave  symmetry  for  the 
pair  potentials  of  high-Tc  superconductors.  We  have  pre¬ 
viously  investigated  the  Josephson  effect  between  5-wave 
and  J;c2_^2-wave  superconductors  for  various  crystal  orien¬ 
tations  [1].  At  that  stage,  we  extended  the  one-dimensional 
theory  of  5-wave  superconductors  phenomenologically.  Af¬ 
terwards  it  was  revealed  that  zero-energy  states  are  formed 
at  the  interface  when  the  angle  between  the  crystal  axis  of 
a  <i;c2_^2-wave  superconductor  and  the  normal  to  the  in¬ 
terface  becomes  finite,  where  an  electron-like  quasiparticle 
and  a  hole-like  quasiparticle  feels  the  different  sign  of  the 
pair  potentials  of  each  other  [2-4].  These  zero  energy  states 
produce  zero  energy  peaks  in  the  conductance  of  Normal 
metal/Insulator/^;f2__^2-wave  superconductor  junction  which 
are  often  observed  in  the  tunneling  experiments  of  high-Ti 
superconductors  [5].  It  is  necessary  to  extend  our  previous 
theory  of  the  Josephson  effect  [1]  for  general  cases,  where 
an  electron  like  quasiparticle  and  a  hole  like  quasiparticle 
do  not  feel  the  same  pair  potentials.  We  express  insulator 
as  a  step  function  barrier  model  whose  height  and  thick¬ 
ness  are  given  by  U  and  d.  We  introduce  two  parameters 
Ao  and  Af,  which  can  be  expressed  as  Ao  =  and 

Xf  =  kf/Xo,  where  kr  is  the  Fermi  momentum  in  the  su¬ 
perconductor.  In  the  following,  the  critical  temperatures  of 
the  5-wave  and  ^-wave  superconductors  are  chosen  as  71-  = 
0.7  meV,  and  Tc/  =  5.1  meV,  respectively. 


2.  JOSEPHSON  EFFECT  IN  s/I/d  JUNCTIONS 

In  our  previous  paper,  the  phase  difference  qp  dependence 
of  the  Josephson  current  /(g?)  in  5-wave-superconductor/  In¬ 
sulator  Idxi^yi-^dNQ  superconductor  junction  was  predicted 
to  be  sin(2(p),  when  the  junction  is  formed  along  the  c  axis. 
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Fig.  1.  Temperature  dependence  of  g?o  for  (a)Ao^/  =  1.0,  Xp  -  0.5, 
^  =  0. 125Tr  and  (b)Aoi^  =  0.  In  the  case  of  (b),  /(g?)  and  <po  are 
independent  of  p  and  Xf. 


The  important  fact  is  that  the  Free  energy  does  not  have 
a  minimum  at  cp  -  0.  These  features  also  can  be  seen  in 
ab-plariQ  contact  case.  We  have  calculated  I{q?)  in  a/?-plane 
junction  for  various  temperatures  T  and  various  which 
expresses  the  angle  between  the  crystal  axis  of  the  ^/-wave 
superconductor  and  the  normal  to  the  interface.  Both  P 
and  Ao  become  finite  and  zero  energy  states(ZES)  appear  at 
the  interface  of  the  fi?-wave  superconductor,  which  are  ab¬ 
sent  in  the  c  axis  oriented  junction.  In  general,  the  angle 
(Po  which  minimizes  the  Free  energy  depends  on  tempera¬ 
ture  as  shown  in  Fig.  1.  For  Xod  =  0  and  p  =  0.25Tr,  <po 
becomes  O.Srr  independent  of  temperature. 
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Fig.  2.  i2/(cp)  is  plotted  as  a  function  of  <p  for  various  temper¬ 
ature  with  =  1.0  andAf-  =  0.5.  (a)r/T’^/  =  0.04Xh)T /Td  = 
0A6Xc)T/Tc!  =  0.32  and  {d)T/Tci  =  0.64. 


RENORMALIZED  TEMPERATURE 

TlTd 

Fig.  3.  Maximum  supercurrent  is  plotted  as  a  function  of  T  with 
\od  =  1.0  and  Af  =  0.5.(a)  a  =  =  O.lOrr  and  (b)  o(=  = 

0.05n. 


3.  JOSEPHSON  EFFECT  IN  dll  Id  JUNCTIONS 

In  this  section  /(cp)  is  calculated  for  d7-wave  supercon¬ 
ductor  /  Insulator  /  i-wave  superconductor(£//// d)  junction 
where  a  (P)  expresses  the  the  angle  between  the  crystal  axis 
of  left(right)  handed  superconductor  and  the  normal  to  the 
interface  of  left  handed  superconductor.  Recently  Sigrist 
and  Rice  [6]  proposed  very  simple  formula  which  expresses 
the  a  and  p  dependence  of  the  maximum  supercurrent.  In 
the  light  of  our  results,  their  theory  ignores  the  bound  states 
formed  at  the  interface,  and  only  the  quasiparticle  injected 
perpendicularly  to  the  interface  is  considered.  Their  theory 
only  can  be  applied  for  ^f-wave  superconductor  /  normal 
metal  /  c^-wave  superconductor  junctions,  where  the  width  of 
normal  metal  is  sufficiently  thick  and  where  the  Fermi  mo¬ 
menta  in  the  superconductor  and  the  normal  metal  are  al¬ 
most  the  same.  In  the  case  when  the  ZES  exist,  a  wide  variety 
of  Ii(p)  curves  are  expected.  Typical  anomalous  examples 
are  plotted  in  Fig.  2.  At  low  temperatures,  the  derivatives  of 
Hep)  atep  =  0  can  become  negative,  while  near  the  critical 
temperature  the  usual  sinusoidal  dependences  are  obtained. 
The  maximum  supercurrent  also  shows  an  anomalous  tem¬ 
perature  dependence.  It  is  significantly  different  from  the 
usual  result  for  ^-wave  superconductors.  In  such  cases,  epo 
strongly  depends  on  temperature.  In  the  case  of  Fig.  3(a), 
(Po  becomes  0  for  0.37j  <  T  <  It  increases  with  decreas¬ 
ing  r  for  r  <  0,3Td  and  finally  it  becomes  O.Vtt  for  T  =  0. 


at  (p  =  0.[7]  In  some  cases,  the  presence  of  ZES  induce 
an  anomalous  temperature  dependence  of  the  maximum 
supercurrent  in  djlld  junction. 
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4.  CONCLUSIONS 

In  this  paper,  the  basic  properties  of  the  Josephson  effect 
including  tf?-wave  superconductors  were  studied.  Both  in 
sllld  and  dlHd  junctions,  the  phase  (p  dependences  of 
/((p)  does  not  always  exhibit  the  usual  sinusoidal  behaviour. 
The  free  energies  of  these  junction  are  not  always  minima 
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Abstract — ^We  consider  a  layered  superconductor  with  a  complex  order  parameter  whose  phase  switches  sign 
from  one  layer  to  the  next.  This  system  is  shown  to  exhibit  gapless  superconductivity  for  sufficiently  large 
interlayer  pairing  or  interlayer  hopping.  In  addition,  this  description  is  consistent  with  experiments  finding 
signals  of  time  reversal  symmetry  breaking  in  high-temperature  superconductors  only  at  the  surface  and  not 
in  the  sample  bulk. 


It  has  been  proposed  that  the  many-p article  ground  state  of 
the  high  temperature  superconductors  breaks  time-reversal 
symmetry  'T'  [1,2].  As  yet,  no  clear  experimental  signatures 
of 'T -violation  in  the  superconducting  bulk  have  been  found 
[3,4].  Studies  of  T' -violating  ground  states  for  model  mag¬ 
netic  Hamiltonians  predict  a  +  iedxy  order  parame¬ 
ter  [5].  This  order  parameter  does  not  vanish  anywhere  on 
the  Fermi  surface  and  therefore  appears  to  be  ruled  out  by 
experimental  studies  of  high-temperature  superconductors 
which  indicate  the  presence  of  isolated  nodes  on  the  fermi 
surface  [6-8].  A  different  set  of  experiments  finds  signs  of 
a  nodeless  'T -violating  order  parameter  at  the  surface  of 
the  sample.  Evidence  of  a  superconducting  gap  has  been 
found  at  isolated  point  on  the  sample  surface  in  STM  stud¬ 
ies  [9].  A  gap  feature  of  approximately  5  meV  is  always 
observed  in  c-axis  tunneling  between  YBCO  and  a  conven¬ 
tional  superconductor  [6].  Anomalous  distributions  of  mag¬ 
netic  flux  have  been  observed  at  crystal  grain  boundaries  in 
YBa2Cu307  [10].  This  experiment  is  interpreted  as  evidence 
for  7" -violation  [11]. 

We  study  the  properties  of  a  complex  order  parameter 
with  a  two  layer  unit  cell.  The  phase  of  the  order  param¬ 
eter  changes  sign  from  layer  to  layer.  We  show  that  inter¬ 
layer  pairing  and  tunneling  render  this  superconductor  gap¬ 
less  at  isolated  nodes.  Our  calculation  only  describes  bulk 
properties  because  it  relies  on  the  symmetries  of  the  unit 
cell.  Because  these  symmetries  need  not  be  satisfied  at  sam¬ 
ple  boundaries,  our  model  is  consistent  not  only  with  gap¬ 
less  superconductivity  in  the  bulk  but  also  with  'T -violating 
gapped  superconductivity  at  the  boundaries. 

Let  us  now  investigate  the  behavior  of  multilayer  'T- 
violating  superconductivity.  Studies  of  coupled  7' -violating 
systems  have  found  that  it  is  energetically  favorable  for  the 
sign  of  the  'T -violation  to  be  opposite  in  the  two  systems 
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[12].  We  therefore  choose  the  order  parameter  to  be  Ak  in 
the  first  layer  and  A^  in  the  second  layer.  We  also  assume 
an  in-plane  spectrum  for  the  non-interacting  electrons  of 
Gk,  a  hopping  matrix  element  between  layers  of  ^j,k,  and  a 
bilayer  order  parameter  of  Aj.k*  The  standard  approach  is 
to  define  quasiparticle  creation  and  annihilation  operators 
0  =  T  2  for  the  first  and  second  planes  respectively, 
(j  =t^  i)  [13],  The  Hamiltonian  is  then 

ek4<ri«ktr/ 

kcr: 

+  X  [^-l-k^ko-l^ko-2  +  ^*k^ktr2^k£rl] 
ko- 

X  [^-Lk(4tl«-M2  +  ^-fci2«ktl)  +  c.c 
k 

+  Ak(arktl<2lKl  +  «-Jti2«kt2)  +  C.c]  .  (1) 

We  define  §k  =  Ck  -  =  -2t(co^kx  +  cos/:;;)  -  ii,  = 

Ao  (cos  kx  -  cos  ky  +  ie  sin kx  sin ky ) ,  and  take  both  Aik  and 
Uk  to  be  real.  Writing  Ak  =  Ai?k  +  we  find  that  J-C 
has  energy  eigenvalues  E±  (k)  that  satisfy 

±  +  AikAi^k)^  +  A/k(/5^k  +  ^Ik)*  (2) 

The  spectrum  for  £'-(k)  vanishes  when 

5k  “  UkCik  ;  A^^k  “  AikCXk,  (3) 


and 


«k  =  1 


A?, 


‘/k 


^ik  +  Aik 


(4) 


which  is  consistent  with  experiments  that  find  a  bxxlk  or¬ 
der  parameter  with  a  ^/-wave  like  node  [6-8,14,15].  If  the 
phase  of  the  order  parameter  were  the  same  in  neighbor¬ 
ing  planes,  the  corresponding  energy  eigenvalue  would  be 
nodeless  except  for  a  special  value  of  Aik. 
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Fig.  1.  Density  of  states  p{cv)  plotted  vs  coflt  for  ^  =  0.5  eV,  t±  =  20  meV,  Ao  =  30  meV,  Ai  =  8  meV,  e  =  0.4,  and  fj  =  0. 


The  node  in  the  quasiparticle  spectrum  is  apparent  in  the 
single  particle  density  of  states  shown  in  Fig.  1.  The  side 
peaks  are  expected  from  the  splitting  of  the  bands  by 

In  order  to  have  a  nodeless  order  parameter,  we  must  be 
able  to  satisfy  eqn  (3)-(4).  The  constraint  that  ofk  he  real 
requires 

^ik  ^Ik  ^  ^/k  ■  (^) 

This  intuitive  result  tells  us  that  the  combined  effect  of  inter¬ 
layer  pairing  and  interlayer  timneling  has  to  be  sufficiently 
large  in  order  to  overcome  the  gap  due  to  the  imaginary 
component  of  the  order  parameter.  The  existence  of  a  so¬ 
lution  to  eqn  (3)  also  requires  that  A^/Ao  be  sufficiently 
small. 

The  zeros  of  eqn  (2)  need  not  lie  on  the  45®  (kx  =  ±ky) 
nodal  line  of  the  pure  order  parameter.  To  first  or¬ 

der  in  t^jt  and  Ai/A^  and  in  the  ^  >>  e^o  limit,  the 
nodal  wavevector  k  is  shifted  from  the  45®  nodal  line  to  an 
angle  rr /4  +  .  There  are  two  nodes  because  «k  may 

be  either  positive  or  negative.  These  effects  (node  splitting 
and  angular  shift  of  10®)  have  been  observed  in  angular 
resolved  photoemission  studies  of  Bi2Sr2CaCu208  [16].  A 
similar  analysis  of  the  momentum  shifts  for  the  case  of  a 
purely  real  order  parameter  [17,18]  corresponds  to  taking 
«k  =  ±1-  Therefore,  the  bulk  photoemission  experiments 
cannot  distinguish  qualitatively  between  a  purely  real  and 
an  alternating  complex  order  parameter. 

It  is  expected  that  a  'T -violating  layer  will  couple  to  an 
electron  or  neutron  spin  as  if  it  induced  a  local  magnetic 
field.  A  neutron  with  momentum  q  =  (0, 0,  ixld)  where  d 
is  the  distance  between  planes,  will  couple  to  the  chirality 
oscillation.  The  size  of  this  feature  depends  on  the  coupling 
strength  which  has  not  been  accurately  calculated.  In  addi¬ 
tion,  muon  spin  rotation  experiments,  which  probe  the  local 
magnetic  field,  fail  to  find  an  effective  magnetic  field  larger 
than  that  due  to  the  Cu  nuclei  [4]. 


A  rapidly  oscillating  complex  order  parameter  will  gen¬ 
erate  large  Josephson  screening  currents.  These  currents 
should  be  heavily  damped  when  the  spectrum  is  gapless.  If 
the  spectrum  has  a  gap  then  these  currents  may  be  observ¬ 
able  and  would  be  a  measure  of  the  amount  of  1' -reversal 
violation.  Our  complex  order  parameter  may  also  explain 
other  Josephson  tunneling  experiments  [19-22]. 

The  'T -violating  component  of  the  alternating  order  pa¬ 
rameter  should  have  a  transition  temperature  T*  < 
where  Tc  is  the  bulk  transition  temperature.  The  experimen¬ 
tal  results  that  we  attribute  to  'T -violation  are  expected  to 
disappear  for  temperatures  above  T*.  In  fact,  recent  exper¬ 
iments  in  oxygenated  samples  of  YBCO  have  found  a  sec¬ 
ond  transition  at  30K  in  T2  measurements  [23]. 
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Abstract — The  energy  spectrum  of  superconducting  state  of  extended  Hubbard  model  is  investigated  for 
various  pairing  states  based  on  the  selfconsistent  calculation.  Density  of  states  of  quasiparticle  (DOS)  for 
various  pairing  states  strongly  depend  on  the  shape  of  the  Fermi  surface.  We  have  found  there  exists  a 
qualitative  difference  between  the  DOS  of  j  +  d-w&wc  state  and  those  of  j  +  /W-wave  state. 


1.  INTRODUCTION 

The  determination  of  symmetries  of  pair  potentials  is  one  of 
the  hottest  issues  in  physics  of  high  Tcsuperconductors.  Sev¬ 
eral  theories  and  experiments  support  the  arguments  5-wave 
symmetry,  however  the  controversy  over  whether  symmetry 
is  5-wave  or  d-wave  is  not  settled  yet  [1-3].  At  this  stage  we 
have  a  fundamental  question—  whether  5-wave  and  i/-wave 
pairing  coexist  or  not?  This  problem  is  also  important  apart 
from  the  high- Tcphy sics.  For  this  reasons,  in  this  paper,  we 
will  investigate  the  2-D  extended  Hubbard  model  which  de¬ 
scribes  the  anisotropic  pairings  in  the  simplest  form  in  the 
narrow  band  systems.  Although  the  phase  diagram  of  this 
Hamiltonian  in  the  one-dimensional  case  is  determined  re¬ 
cently  by  the  exact  diagonalization,  the  detailed  feature  of 
the  2-D  system  is  not  known.  We  will  therefore  investigate 
this  model  within  the  mean  field  approximation  (MFA)  level 
by  the  selfconsistent  numerical  calculations  and  obtain  the 
density  of  states  (DOS)  of  quasiparticles.  The  relevance  of 
the  shape  of  the  Fermi  surface  and  DOS  will  be  discussed 
in  detail. 


2.  FORMULATION 

The  Hamiltonian,  H,  of  the  2-D  extended  Hubbard 
model  is  given  as, 

H  =  ( ti j  —  l-l5i J )  Cjcr  "b  U  /If t 

ija  i 

^  f  l^icr  “  Cfa-Cicr,  (1) 

with  on-site  repulsive  interaction  U  and  inter-site  attractive 
interaction  W  {U,W  >  0).Wt  consider  this  model  on  a 
2-D  square  lattice  with  N  sites.  In  eqn  (1),  \x,  and  Uj 

are  the  creation  operator  for  spin  cr  =  t  at  site  /,  chemi¬ 


cal  potential,  and  transfer  integral,  respectively.  Within  the 
MFA,  extensive  investigations  have  been  done  by  Micnas 
et  al  [4].  In  their  calculations,  the  renormalization  of  the 
band  width  that  originates  from  Fock  term  is  not  fully  taken 
into  account.  Furthermore  the  coexistence  of  5-wave  and  d- 
wave  pairing,  and  DOS  still  remains  to  be  studied.  In  our 
previous  paper  [5],  Free  energy  at  zero  temperature  is  ob¬ 
tained  by  determining  the  chemical  potential,  the  renormal¬ 
ization  factor  of  the  band  width,  and  pair  potentials.  We 
have  found  that  under  the  coexistence  of  the  5  or  <^-wave 
pairing,  5  +  /W-wave  pairing  state  becomes  most  stable.  In 
this  paper,  we  have  extended  our  previous  theory  to  finite 
temperature  and  have  also  obtained  the  energy  spectrum  of 
the  quasi  particles.  The  density  of  states  of  the  quasiparti¬ 
cle  (DOS)  is  obtained  for  various  pairing  states.  In  the  light 
of  our  recent  investigations  of  tunnel  spectroscopy,  DOS  is 
expected  to  be  observed  in  the  timneling  conductance  of 
normal  metal/insulator/superconductor  jimction  in  z  direc¬ 
tion,  where  2-D  square  lattice  is  in  the  xy  plane  [6,7]. 


3,  RESULTS 

We  have  determined  the  Free  energy  of  5,  ^5?,  5  +  6?,  5  +  id- 
wave  pairing  states,  whose  pair  potentials  A(k)  can  be  ex¬ 
pressed  as  ro  +  Tsyk,  rdr]k,  ro  +  rsYk  +  rdHic  and  ro  +  tsYk  + 
irdiik  respectively,  with  r]k  =  2(coskx  -  cosky),  and  yk  = 
2(cosA:x  +  cosk;,).  Within  our  numerical  calculations,  the 
5  +  id-wavQ  state  becomes  the  most  stable.  In  the  follow¬ 
ing,  we  paid  special  attention  to  the  next  nearest  neighbor 
hopping  effect,  i.e.  Fermi  surface  effect.  The  dispersion  of 
quasiparticle  for  U  =  IF  =  0  can  be  expressed  as 

=  ^2t{coskx  4-  cosky)  -  At'  coskx  cosky.  (2) 

As  discussed  in  our  previous  paper,  the  coexistence  of  s  and 
d  wave  pairings  can  not  occur  for  zero  t' .  Coexistence  can 
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Fig.  1.  Schematic  illustraion  of  the  Fermi  surface  and  the  ZL  for 
s  +  rf-wave  pairing.  Bold  line  expresses  the  renormalized  Fermi 
surface.  Thin  line  expresses  the  ZL.  (a)f'  =  ~0.35r,  (b)r'  =  -0.45f. 

be  expected  for  hole  doped  region  (n  >  1 )  with  positive  t'  It, 
and  electron  doped  region  (w  <  1)  with  negative  f  jt.  In  the 
following,  let  us  discuss  the  tunneling  conductance  [8] 

d/  const  f 

—  OO 

which  expresses  DOS  of  quasiparticle  p{eV)  at  sufficiently 
low  temperature.  In  the  case  of  5-wave  pairing,  the  quantity 
U  strongly  destroys  superconductivity.  When  the  line,  which 
expresses  the  zero  of  A(A:),  ZL,  i.e.  A(/:)  =  0,  intersects  the 
Fermi  surface,  V  shaped  energy  gap  structure  is  obtained  in 
pieV)  (for  exeample  W  =  1.0t,U  =  0,^'  =  -0.45^).  On  the 
other  hand,  in  the  case  when  ZL  does  not  intersect  the  Fermi 
surface,  a  U  shaped  energy  gap  structure  (for  example  W  = 
1.0^, 17  =  0,/'  =  -0.350  is  obtained.  In  the  case  of  d-wsvQ 
pairing  state,  the  pair  potential  is  independent  of  U  within 
the  mean  field  approximation.  For  any  U,  ZL  becomes  a 
straight  line  from  (0,0)  to  (Tr,Tr)  in  the  first  Brillouin  zone, 
and  a  V  shaped  structure  is  obtained  for  |  /'  |<  0.5^.  For  | 
f  |>  0.6^  with  IF  =  1.00  a  17  shaped  structure  is  obtained. 
However  in  such  a  case,  the  superconducting  state  is  unable 
as  compared  with  non-ordered  state.  Within  our  results, 
the  (/-wave  pairing  state  always  has  a  V  shaped  structure 
of  DOS.  The  shape  of  Fermi  surface  and  ZL  of  the  pair 
potentials  for  various  0  are  plotted  in  Fig.  1  for  5  +  (/-wave 
pairing  state.  In  every  case,  since  ZL  intersects  the  Fermi 
surface,  we  can  expect  V  shaped  structure  of  DOS  as  shown 
in  Fig.  2.  In  the  case  of  5+  /(/-wave  pairing  state,  ZL  becomes 
a  point,  and  pair  potential  does  not  vanish  on  the  Fermi 
surface.  In  such  a  case,  a  U  shaped  structure  like  Fig.  3  is 
expected. 


4.  CONCLUSIONS 

We  have  developed  a  numerical  method  to  obtain  the 
Free  energy  of  the  extended  Hubbard  model  in  the  super¬ 
conducting  state  determining  the  chemical  potential,  renor- 


Fig.  2.  p{eV)  is  plotted  for  s  +  (/-wave  pairing  with  =  -0.35/, 
W  =  t  U  ~  t  and  n  =  0.4,  where  pjv(O)  expresses  the  DOS  at 
eF  =  0  at  normal  state. 


o 


Fig.  3.  Similar  plots  to  Fig.  2  for  5  +  /(/-wave  pairing  states  for 
r'  =  -0.35/,  W  =  t  U  =  t  and  n  =  0.4. 


malization  factor  of  the  band  width  and  pair  potentials  at 
finite  temperature.  It  has  been  believed  that  the  shape  of  the 
energy  gap  in  DOS  becomes  /7-shaped  in  the  5-wave  state 
and  F-shaped  in  the  (/-wave  state  in  the  free  electron  model. 
Here  we  have  found  that  the  above  facts  do  not  always  hold 
in  general  and  the  shape  of  DOS  strongly  depends  on  the 
band  structure.  It  is  revealed  that  DOS  of  5  +  (/-wave  state 
is  substantially  different  from  the  DOS  of  5+  /(/-wave  state. 
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Abstract—It  is  shown  that  it  is  possible  to  quantitatively  explain  quantum  Monte-Carlo  results  for  the 
Green’s  function  of  the  two-dimensional  Hubbard  model  in  the  weak  to  intermediate  coupling  regime.  The 
analytic  approach  includes  vertex  corrections  in  a  paramagnon-like  self-energy.  All  parameters  are  determined 
self-consistently.  This  approach  clearly  shows  that  in  two  dimensions  Fermi-liquid  quasiparticles  disappear 
in  the  paramagnetic  state  when  the  antiferromagnetic  correlation  length  becomes  larger  than  the  electronic 
thermal  de  Broglie  wavelength. 

Keywords:  Hubbard  model,  spectral  weight,  spin  fluctuations,  vertex  corrections,  paramagnons, 
photoemission. 


INTRODUCTION 

We  introduce  a  simple  approach  to  the  Hubbard  model 
which  includes  vertex  corrections,  and  achieves,  for  both 
two-particle  and  single-particle  properties,  better  quantita¬ 
tive  agreement  with  Monte-Carlo  simulations  than  previous 
theories  [1][2][3].  Our  analytical  approach  allows  us  to  un¬ 
ambiguously  interpret  the  Monte-Carlo  data  and  to  show 
that  in  two  dimensions  spin  fluctuations  destroy  the  Fermi 
liquid  in  the  paramagnetic  state  when  the  antiferromag¬ 
netic  correlation  length  becomes  larger  than  the  thermal  de 
Broglie  wavelength  of  electrons.  This  corresponds  to  the  dis¬ 
appearance  of  the  quasiparticle  peak  and  the  appearance 
of  a  pseudogap,  an  issue  that  has  been  controversial  mostly 
due  to  finite-size  effects  in  Monte-Carlo  [4]. 

We  consider  the  one-band  Hubbard  model  on  the  square 
lattice  with  unit  lattice  spacing,  on-site  repulsion  U  and 
nearest-neighbor  hopping  t.  We  work  in  units  where  the 
lattice  spacing  is  unity,  =  1 ,  ?!  =  1  and  /  =  1 .  The  theory 
has  a  simple  structure  that  we  now  explain  physically. 

The  calculation  proceeds  in  two  steps:  we  first  obtain 
spin  and  charge  susceptibilities,  then  we  inject  them  in  the 
self-energy  calculation.  In  the  calculation  of  susceptibili¬ 
ties,  spin  and  charge  susceptibilities  Xsp,  Xdt  are  given  by 
RPA-like  forms  but  with  two  different  effective  interactions 
Usp  and  Ucf,  which  are  then  determined  self-consistently, 
as  described  in  Ref  [5].  This  procedure  reproduces  both 
Kanamori-Brueckner  screening  as  well  as  the  effect  of 
Mernain-Wagner  thermal  fluctuations,  giving  a  phase  tran¬ 
sition  only  at  zero-temperature  in  two-dimensions  [5]. 
There  is  however  a  crossover  temperature  Tx  below  which 
the  magnetic  correlation  length  §  grows  exponentially. 
Quantitative  agreement  with  Monte-Carlo  simulations  is 
obtained  [5]  for  all  fillings  and  temperatures  in  the  weak  to 


intermediate  coupling  regime  (7  <  8. 

We  now  turn  to  the  discussion  of  the  single-particle  prop¬ 
erties.  In  order,  to  be  consistent  with  the  two-particle  corre¬ 
lation  functions,  the  self-energy  So-  ik)  must  satisfy  the  sum 
rule 

lim  Ttt  X (^)  Ga  ik)  =  U{nm),  (1) 

T-o-  PN  ^ 

which  follows  from  the  definition  of  So-  (k).  Here,  we  en¬ 
counter  the  same  key  quantity  (nt«;>  that  appears  in  the 
sum  rule  for  the  susceptibilities.  We  find  the  following  ex¬ 
pression  for  So-  (k) 

lAk)  =  Un-,  +  ~  (2) 

X  X  [UspXsp(q)  +  Uci,Xd,(q)]  +  q), 

which  satisfies  Eqn  (1)  with  Go-  replaced  by  Gj.  on  the  left- 
hand  side.  This  self-energy  expression  (2)  is  physically  ap¬ 
pealing  since,  as  expected  from  general  skeleton  diagrams, 
one  of  the  vertices  is  the  bare  one  U,  while  the  other  vertex 
is  dressed  and  given  by  Usp  or  depending  on  the  type 
of  fluctuation  being  exchanged.  Equation  (2)  already  gives 
good  agreement  with  Monte-Carlo  data  but  the  accuracy 
can  be  improved  even  further  by  requiring  that  the  consis¬ 
tency  condition  (1)  be  satisfied  with  instead  of  Gj..  To 
do  so  we  replace  Usp  and  U^i  on  the  right-hand  side  of  (2) 
by  aUsp  and  olUch  with  a  determined  self-consistently  by 
Eqn  (1).  For  C/  <  4,  we  have  a  <  1.15.  This  concludes  the 
description  of  the  structure  of  our  theory. 
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normal  Fermi  liquid  it  becomes  equal  to  a  constant  less 
than  unity  as  the  temperature  decreases.  The  quantity  z(T) 
gives  an  estimate  of  A  (kir,  co)  around  the  Fermi  surface 
even  when  the  Fermi  liquid  does  not  exist. 

One  can  clearly  see  from  Fig.  1(b)  that  while  second-order 
perturbation  theory  exhibits  typical  Fermi-liquid  behavior 
for  z{T),  both  Monte-Carlo  data  and  a  numerical  evalu¬ 
ation  of  our  expression  for  the  self-energy  lead  to  a  rapid 
fall-off  of  z(r)  below  Tx  (for  U  =  A,  Tx  ^  0.2  [5]).  The 
physical  origin  of  this  effect  is  that  the  quasi-particles  of 
the  two-dimensional  paramagnetic  state  become  overdamped 
when  the  energy  scale  associated  with  the  proximity  to  an- 
tiferromagnetism  5U  =  U„f,c  -  U,p  (U„f,c  =  2/xo  (Q,  O)) 
becomes  exponentially  small. 

PSEUDOGAP 

While  size  effects  and  statistical  errors  make  continuation 
of  the  Monte-Carlo  data  to  real  frequencies  particularly 
difficult,  in  our  approach  we  can  make  this  continuation 
analytically  to  show  that  the  above  effect  corresponds  to  a 
pseudogap. 

Since  the  spin  susceptibility  Xsp  (q.  O)  below  Tx  is  al¬ 
most  singular  at  the  antiferromagnetic  wave  vector  Q  = 
(tt,  tt),  the  main  contribution  to  S  in  Eqn  (2)  comes  from 
iqn  =  0  and  wave  vectors  (q  -  Q)^  <  near  Q.  Ap¬ 
proximating  Xsp  (q.  O)  in  by  its  asymptotic  form  Xsp  (q>  O)  « 

2  [Us,H(r^  +  (q  -  Q)')]“‘  where  H  and 

5  =  ~  exp  the  integrals  over  q 

can  be  done  to  obtain  the  low-frequency  asymptotic  results 


Fig.  1 .  (a)  Comparison  of  our  results  for  G(k,  t)  with  Monte-Carlo 
data,  FLEX,  parquet,  and  second-order  pertubation  theory,  all  on 
8x8  mesh.  Monte-Carlo  data  and  results  for  FLEX  and  parquet 
are  from  Ref.  [3]  n  ~  1,  T  =  0.17.  (b)  Temperature  dependence  of 
the  generalized  renormalization  factor  z  defined  in  Eqn  (3).  Lines 
are  results  of  our  calculations  for  infinite  lattice  and  16x16  mesh. 

Symbols  are  Monte-Carlo  data  from  Ref.  [3] 


^  87Tg^yC02  4- 


(4) 


In 


O)  -I- 

CO  “  -^0)2  + 


COMPARISONS  WITH  OTHER  THEORIES  AND 
WITH  QUANTUM  MONTE-CARLO  DATA 


Figure  1(a)  shows  Gfki?,  t)  for  ki?  =  (rr,  0)  in  a  regime 
where  the  antiferromagnetic  correlation  length  is  growing 
exponentially.  Our  theory  shows  better  agreement  with 
Monte-Carlo  than  previous  approaches. 

Our  most  dramatic  numerical  results  addressing  the  issue 
of  the  Fermi  liquid  are  shown  in  Fig.  1(b)  where  we  plot 


2(T) 


=  -2G(kf,^/2)  =  J 


dco  A  (kjr,  co) 
2jt  cosh  {pco/2) ' 


(3) 


This  quantity  ziT)  is  an  average  of  the  single-particle  spec¬ 
tral  weight  A  (kp,  co)  within  T  =  l/p  around  the  Fermi 
level  (co  =  0)  and  it  is  a  generalization  of  the  usual  zero- 
temperature  quasiparticle  renormalization  factor  z  =  1/(1  - 
9S/3co).  For  non-interacting  particles  z(r)  is  unity.  For  a 


Exactly  at  the  Fermi  surface  (co  =  0)  the  imaginary  part 
of  the  self-energy  for  §  >  increases  exponentially  when 
the  temperature  decreases,  S"(ki7, 0)  ~  U§/(5//,5o) 
exp  {'na'^^oUspIT) ,  (g/;,  =  vpInT),  This  corresponds  to 
a  pseudogap:  instead  of  a  quasiparticle  peak,  the  spectral 
weight  has  a  minimum  at  the  Fermi  level  and  two  symmet¬ 
rically  located  maxima  away  from  it.  Clearly  this  is  not  a 
Fermi  liquid,  yet  the  symmetry  of  the  system  remains  un¬ 
broken  at  any  finite  T.  By  contrast  *  with  3Z),  in  2D  this 
effect  exists  in  a  wide  temperature  range  T  <  Tx.  These 
conclusions  persist  slightly  away  from  half-filling.  In  partic¬ 
ular,  we  do  not  find  a  quasiparticle  peak  in  the  pseudogap 
close  to  half-filling  when  §»§/*.  This  is  different  from  the 
results  inferred  from  a  phenomenological  zero -temperature 


*  In  the  isotropic  3D  case  2"(kir,  co)  ~  (In^)  and  hence  the  pseudo¬ 
gap  exists  only  in  a  very  narrow  temperature  range. 
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calciilation[6]  (§,/»  =  ^)  which  physically  corresponds  to 

In  photoemission  experiments  on  real  quasi  two- 
dimensional  materials  we  predict  a  rapid  decrease  of  the 
spectral  weight  and  density  of  states  at  the  Fermi  level  in  a 
wide  temperature  range,  from  Tx  to  the  Neel  temperature 
Tjv  (Jx  -  TV  ~  10^  K). 
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Abstract — We  study  the  microscopic  structure  of  the  Josephson  current  in  a  one-mode  tunnel  junction  with 
a  wide  quasiclassical  tunnel  barrier.  In  such  a  junction  each  Andreev  bound  state  carries  a  current  of 
magnitude  proportional  to  the  amplitude  of  the  normal  electron  transmission  through  the  junction.  The 
currents  of  all  bound  states  nearly  cancel  each  other  in  equilibrium,  yielding  the  conventional  Josephson 
current.  The  giant  current  of  a  single  bound  level  can  be  observed  under  nonequilibrium  conditions. 


The  mechanism  for  Josephson  current  transport  in  weak 
links  and  tunnel  junctions  is  a  very  well  studied  problem.  A 
modern  scenario  [1-3]  describes  SIS-tunneling  in  terms  of 
current-induced  Andreev-like  superconducting  bound  states 
which  provide  transmission  of  supercurrent  through  the 
tunnel  barrier.  However,  there  are  still  some  surprises  to 
be  found.  We  shall  demonstrate  that  in  Josephson  tunnel 
junctions  with  wide  quasiclassical  tunnel  barriers,  the  usual 
pair  of  Andreev  bound  states  becomes  split  into  four  lev¬ 
els,  each  bound  state — ^now  representing  coupled  surface 
Andreev  carrying  a  giant  Josephson  current  propor¬ 

tional  to  the  square  root  of  the  junction  transparency,  fD 
rather  than  D.  These  currents  do  not  appear  under  equi¬ 
librium  conditions:  they  nearly  cancel  each  other  and  yield 
a  relatively  small  residual  current.  This  residual  current  to¬ 
gether  with  a  contribution  from  the  continuum  constitute 
the  Josephson  current  measured  in  experiments.  The  net 
current  of  a  single  bound  state  can  be  observed  only  under 
nonequilibrium  conditions. 

We  consider  for  the  sake  of  clarity  a  single  mode  quan¬ 
tum  constriction  with  a  rectangular  potential  barrier  of 
length  L  and  height  V.  The  structure  is  described  by  the  ID 
Bogoliubov-de  Gennes  equation  [4].  Matching  wave  func¬ 
tions  by  means  of  a  transfer  matrix  formalism  [5]  we  find 
the  transmission  amplitudes  of  incoming  quasiparticles 
which  are  scattered  into  the  normal  {N)  and  Andreev  {A) 
channels. 

The  bound  levels  are  determined  by  the  poles  of  these 
transmission  amplitudes.  The  general  solution  for  the  bound 
levels  is: 

£2  =  {\p\±a>0)  (1) 


D±  is  the  transmission  coefficient  of  normal  electrons  with 
energy  ±E: 


D±  =  1  -  R±  = 

a^  =  cosh k+L-  X  sinh fc+L, 

2  \  k  K±) 

k  =  K±  =  -yJlmiV  ~  (fi  ±E)). 


(4) 


where  k  =  and  k±  =  ^j2m{V  -  iji  ±  £')).  The  ef¬ 

fect  of  electron-hole  dephasing  within  the  superconducting 
electrodes  may  be  omitted  in  eqn  (4);  however,  “dephasing” 
inside  the  barrier  (k+  K-)  is  crucial. 

The  quantity  p  in  eqns  (1)  and  (3)  describes  the  effect 
of  dephasing  of  electron  and  hole  wave  functions  and  is 
proportional  to  the  difference  of  damping  rates  of  electrons 
(k+)  and  holes  (k-)  inside  the  barrier,  5k  =  k+  -  K-: 


P  f=i  sin  p  ^  — --7tanh(2KL)  1.  (5) 

In  the  limit  of  low  transparency  of  the  junction,  for  values 
of  the  phase  difference  </>  not  too  close  to  zero  (|<^|  » 
\6k\L),  the  solution  to  eqn  (1)  can  be  written  as, 


E^-=A^ 


(6) 


where  \P\I2±  ^fD\sm{(p/2)\  >  0.  The  solution  generally 
consists  of  two  pairs  of  bands  E{4>)  lying  inside  the  super¬ 
conducting  gap,  I.E1  <  A.  All  branches  of  the  bound  state 
spectrum  are  fully  developed  if 

\P\/2>VD,  or  fcL>ln|-^|.  (7) 


with 


cos  a  =  fR+R-  +  yjD+D-  cos  (p  (2) 

sin^  =  ^D+D-lm{a+a*).  (3) 


In  such  a  *'long”  SIS  junction  the  bound  levels  are  char¬ 
acterized  by  two  independent  parameters:  contact  trans¬ 
parency  D  and  dephasing  factor  p.  From  a  physical  point 
of  view,  the  bound  states  in  a  long  SIS  junction  result  from 
hybridization  of  degenerate  superconducting  surface  states 
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situated  at  well  separated  single  superconductor-insulator 
(SI)  boundaries;  the  energies  of  these  surface  states  follow 
directly  from  eqn  (6)  in  the  limit  Z)  =  0:  =  A2(1  -  ^^/4). 

These  Andreev-like  surface  states  are  formed  by  superposi¬ 
tion  of  electron-like  and  hole-like  quasiparticle  states  with 
different  signs  of  electron  momentum,  similarly  to  the  su¬ 
perconducting  bound  states  in  SN  sandwiches  [6].  They  ex¬ 
tend  inside  the  superconductor  on  the  characteristic  length 
/  Vi?/VA2  -E^  and  inside  the  insulator  on  the  charac¬ 
teristic  length  I  I  Ik.  The  splitting  of  the  surface  levels, 
proportional  to  V5  due  to  (bonding  and  antibonding)  cou¬ 
pling  through  a  barrier  of  a  finite  width,  is  analogous  to  the 
splitting  of  normal  electron  bound  levels  in  a  double  well 
potential. 

When  the  dephasing  effect  is  neglected,  P  =  0,  one  pair  of 
the  bound  state  bands  disappears  into  the  continuum,  and 
the  remaining  solution  of  eqn  (6)  corresponds  to  the  An¬ 
dreev  bound  states  found  earlier  [1-3].  A  finite  value  of  ^  ^ 
0  causes  a  second  pair  of  bands  to  be  “pulled  down”  from 
the  continuum;  however,  as  long  as  the  inequality  \P\/2 
V5  holds,  the  approximation  of  the  single  pair  of  bound 
bands  is  still  valid.  This  inequality  is  always  met  for  short 
quantum  barriers  kL  ^  I  (<5-function  barriers).  However, 
it  is  also  met  for  short  quasiclassical  barriers  in  the  range 
1  ^  kL  <  In  |(k'/5k')|,  where  the  effective  boundary  con¬ 
dition  of  the  Andreev  approximation,  Refs  [2,8-10],  there¬ 
fore  is  applicable.  These  two  regions  could  be  referred  to  as 
“short”  SIS  junctions. 

The  most  striking  feature  of  long  SIS  junctions  is  their 
potential  ability  to  carry  a  giant  tunnel  current  due  to  the 
current  carrying  properties  of  the  bound  states.  Using  the 
formula  Ij  =  leidEjIdcp)  [7]  for  calculating  the  quantum 
mechanical  current  of  the  Jth  bound  state  we  get  from  eqn 
(6): 

III  =  +^(Z)sin(/)  +  l^l/Dcosy) 

1x4  =  +^(Dsin</)  -  l^lVScos y)  (8) 

(7=1,2  correspond  to  the  upper  sign  in  eqn  (6),  7=3, 4  corre¬ 
spond  to  the  lower  sign).  In  the  limit  of  ^  »  VS  the  current 
of  each  bound  state  is  proportional  to  the  transmission  am¬ 
plitude  of  the  tunnel  barrier  and  exceeds  the  Ambegaokar- 
Baratoff  critical  current  [11]  by  a  factor  of  ^/VS;  it  also 
possesses  an  unusual  cos  (0/2)  phase  dependence,  differ¬ 
ent  from  the  conventional  Josephson  relation  7  =  4sin0. 
In  equilibrium,  these  large  currents,  having  opposite  signs, 
cancel  each  other  and  result  in  a  residual  current  equal  to 
twice  the  Josephson  tunnel  current: 

h  =  XljnF(Ej)=2IeSm(l>.  (9) 

y 

Half  of  this  current  is  compensated  for  by  the  contribution 
from  the  continuum.The  total  current  thus  finally  coincides 
with  the  result  of  the  conventional  tunnel  model  [11]. 


The  present  calculation  shows  that  the  Josephson  current 
in  long  SIS  junctions  possesses  nontrivial  intrinsic  structure 
which  uncovers  the  resonance  character  of  Cooper  pair  tun¬ 
neling.  It  is  commonly  accepted  after  Josephson  [12]  that  the 
transparency  of  a  timnel  barrier  for  Cooper  pair  tunneling 
is  proportional,  due  to  coherence  effects,  to  the  probability 
of  single-particle  tunneling.  It  follows  from  the  present  cal¬ 
culation  that  the  true  probability  of  Cooper  pair  tunneling 
exceeds  this  value:  being  proportional  to  the  amplitude  of 
single-particle  tunneling  it  resembles  coherent  tunneling  ofa 
Schrodinger  particle  in  a  periodic  potential  barrier  struc¬ 
ture. 

Superconducting  bound  levels  correspond  to  different 
quantum  states  of  the  system;  therefore,  experimental  ob¬ 
servation  of  the  current  of  a  single  level  is  fundamentally 
allowed.  One  possibility  is  to  inject  excess  quasiparticles 
into  one  of  the  bound  levels  by  means  of  tunnel  coupling  to 
an  additional  normal  electrode  (see  e.g.  [13]),  provided  that 
the  level  splitting  is  sufficiently  large  in  comparison  with 
the  level  width.  One  might  expect  to  observe  the  effect — 
giant  Josephson  current — ^in  gate  controlled  S-2DEG-S  de¬ 
vices  with  extremely  low  tunnel  barriers.  Another  possibil¬ 
ity  would  be  to  consider  high  Tc  breakjunctions  with  rather 
large  values  of  A/ /j;  however,  strong  coupling  effects  might 
lead  to  undesired  smearing  of  the  Andreev  level  structure. 
One  way  to  enhance  the  possibility  to  observe  the  effect 
would  be  to  introduce  a  normal  region  at  the  SI  interface — 
SNI — ^in  order  to  increase  interlevel  distance  and  to  pull  the 
levels  away  from  the  gap  edges. 
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Abstract — Spin-charge  separation  is  found  in  the  t~J  model.  Such  a  state  reproduces  various  ID  correlations 
at  a  strong-coupling  fixed-point.  A  long-range  AF  order  is  recovered  at  2D  half-filling,  while  a  spin-charge 
deconfinement  is  obtained  at  finite  doping.  In  the  2D  spin-charge  separation  regime,  residual  spin-charge 
coupling  leads  to  anomalous  normal-state  magnetic  and  transport  properties. 


Marshall  sign  [1]  is  a  key  characteristic  for  the  ground- 
state  wavefunction  of  the  Heisenberg  Hamiltonian:  the  rel¬ 
ative  phase  between  spin  configurations  t  \  and  i  t  is  al¬ 
ways  (-1)  in  order  to  minimize  the  transverse  spin  energy 
J ll(S^S~  +  S~S'^).  Doped  holes  would  generally  mess  up 
such  a  Marshall  sign  in  the  spin  background  and  cause  frus¬ 
tration  in  the  system.  The  crucial  question  is  whether  one 
can  find  a  proper  representation  to  totally  or  partially  elimi¬ 
nate  such  a  phase  (sign)  problem.  An  exact  spin-charge  rep¬ 
resentation  is  obtained,  under  which  the  sign  problem  can 
be  completely  eliminated  in  ID  such  that  <  ><  0 

and  <  m\Ht\n  ><  0  and  the  ground  state  |(//  >=  Y.n^n\n  > 
has  a  real  positive  wavefunction  c„.  In  this  case,  a  mean-field 
treatment  of  will  become  reasonable.  In  2D,  the  phase- 
frustration  cannot  be  totally  gauged  away.  But  the  short- 
range  phase  frustration  can  be  transformed  into  long-range 
topological  effect  in  the  new  representation. 

In  this  new  representation,  Ht-j  in  operator  formalism 
is  expressed  as  follows: 


ID  case.  A^j  and  Afj  as  topological  phases  can  no  longer 
be  gauged  away,  and  one  has 


Hc^lJ  =  TT  2!  «?- 


/GC 


lcA{j  =  TrZ 


lec  L  a 


S  - 1 


(4) 

(5) 


for  an  arbitrary  closed  path  C.  At  half-filling,  A^j  =  0,  and 
Hj  in  Eqn  (1)  can  be  treated  by  mean-field  approximation 
which  is  equivalent  to  the  mean-field  treatment  in  Schwinger 
boson  representation.  At  finite  doping,  the  corresponding 
mean-field  Hamiltonians  which  leave  and  a{j  intact  are 
given  [2]  by  He//  =  JTj  -i-  Hh,  where 

Hs  =  -J.  S  btbj^  +  h.a.  (6) 

<iJ>(T 

Hh  =  -th  X  (e'M  Khj  +  h.c  (7) 

<ij>  ^  ' 


<ij>(T<f 

+  (1) 

^  <ij> 

«  =  -« I  (e‘^‘A  Khj  )  b^^bta.  (2) 

<ij>  '  ' 

Electron  operator  Cia  in  the  new  representation  is  given  as 

Ckr  =Kbi„  ^3^ 

in  terms  of  bosonic  spinon  and  holon  operators  bio-  and  hi, 
with  Bid)  =  Imln(z/  -  z/). 

\D  case.  A^j  =  A{j  =  0:  no  phase  frustration  in  Eqns  (1) 
and  (2).  Spin  and  charge  degrees  of  freedom  can  be  decou¬ 
pled  in  Eqns  (1)  and  (2)  by  mean-field  approximation.  All 
the  important  physical  information  appears  in  decomposi¬ 
tion  (3)  as  “phase-shift’\  One  recovers  the  correct  Luttinger 
liquid  behaviors:  rik  -  %  *“  C\k  -  k/|‘^^sgn{A:  -  kf)  near 
k^kfdind  rtk  -  “C'|^-3/:/|^^^sgn(A:- 3A:/)  near  3kf, 

etc. 


Beyond  the  mean-field  level,  the  transverse  gauge  fluctua¬ 
tion  is  gapped  SJs)  at  finite  doping  so  that  a  real  spin- 
charge  separation  is  present  and  the  saddle-point  properties 
are  well  defined.  Here  A^j  describes  fictitious  rr-flux  quanta 
attached  to  holons  which  are  seen  only  by  spinons.  a{j  rep¬ 
resents  7T-flux  quanta  bound  to  spinons  (in  addition  to  a 
TT-lattice-flux)  which  can  be  only  seen  by  holons.  So  new 
types  of  scattering  are  present,  and  it  is  due  to  these  un¬ 
conventional  forces  that  magnetic  and  transport  anomalies 
[2]  are  produced,  consistent  with  those  found  in  the  high¬ 
ly  cuprates.  In  the  present  scheme,  a  large  Fermi-surface 
satisfying  the  Luttinger  theorem  in  2D  can  be  determined 
via  the  nonlocal  phase  in  Eqn  (3).  When  spinons  are  con¬ 
densed,  a  pseudo  spin-gap  behavior  is  exhibited  in  the  spin 
dynamics.  When  both  holon  and  spinon  are  condensed,  a 
pairing  order  parameter  can  be  found  in  terms  of  Eqn  (3), 
with  a  ^-wave  symmetry  decided  by  the  nonlocal  phase. 
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Abstract — ^We  suggest  two  possible  interpretations  of  a  neutron  scattering  peak  emerging  in  the  supercon¬ 
ducting  state  of  YBa2Cu307  found  experimentally  by  Fong  et  ai.  One  involves  the  spin-flip  excitation  of 
electrons  from  an  occupied  van  Hove  singularity  to  the  empty  states  above  the  superconducting  gap.  An¬ 
other  relies  on  the  excitation  of  a  triplet  electron-hole  collective  mode  with  the  energy  slightly  below  the 
superconducting  gap  and  involves  antiferromagnetic  Cu-Cu  exchange  interaction.  Both  scenarios  require  a 
sign  variation  of  the  superconducting  order  parameter  and  are  consistent  with  an  5-wave  state  with  opposite 
signs  of  the  gap  in  the  bonding  and  antibonding  electron  bands  of  the  CU2O4  bilayers.  The  second  scenario 
is  also  compatible  with  the  symmetry. 


Keywords:  A.  superconductors^  C.  neutron  scattering,  D.  Fermi  surface,  D.  superconductivity. 


Fong  et  al  [1]  observed  a  sharp  magnetic  neutron  scatter¬ 
ing  peak  at  the  energy  cu  =  41  meV  and  a  2D  wave  vec¬ 
tor  equivalent  to  Q  =  {n  j a,  ixlb)  {a  and  b  being  the  lat¬ 
tice  spacings  of  a  CUO2  plane)  in  YBa2Cu307.  This  peak 
has  the  following  remarkable  features:  (a)  It  appears  only 
below  the  superconducting  transition  temperature;  (b)  It  is 
localized  in  both  energy  and  wave  vector;  (c)  The  intensity 
is  proportional  to  sm^iq^djl),  where  qz  is  the  wave  vector 
perpendicular  to  the  Cu02  planes,  and  d  is  the  distance 
between  the  planes  in  the  bilayer. 

Neutron  scattering  cross  section  is  proportional  to  the 
imaginary  part  of  the  electron  magnetic  susceptibility 
X(q,  cu).  In  the  framework  of  BCS  theory,  at  zero  temper¬ 
ature,  it  is  given  by  the  following  formula: 

»<»■»> 

_ 1 _ 1 _ 

CO  —  £k+q  ^  £k  +  /T  CU  -I-  -|-  jEfc  +  iF 

Here,  £1^  =  ^^2  ^  ^2  quasiparticle  dispersion  law  in 
the  superconducting  state,  and  F  is  a  damping.  Note  that 
the  coherence  factor  does  not  vanish  at  small  energies  g 
A  only  when  AkAk+q  <  0. 

In  Fig.  1,  we  show  Imxo(Q,  w)  and  Rexo(Q>  to)  calcu¬ 
lated  from  eqn  (1)  using  F  =  2  meV  and  the  dx2^y2  gap 
computed  in  [2]  for  the  following  dispersion  law:  §k  = 
-2t(cos(kxa)  +  cos(kya))  -  4t'  cos(kxCi)  cos(kya)  -  jw,  where 
t  =  250  meV,  t' It  =  -0.45,  fj  =  -370  meV  The  corre¬ 
sponding  Fermi  surface  is  shown  in  the  inset  to  Fig.  1.  We 
see  that  Imxo(cu)  has  a  step  and  Rexo(tu)  has  a  peak  at 
the  threshold  of  energy  absorption  2  A  equal  to  36  meV.  In 
addition,  Imxo(to)  has  a  peak  at  about  100  meV  This  peak 


is  related  to  the  normal-state  van  Hove  singularity  which  is 
located  5v//  =  80  meV  below  the  Fermi  energy.  The  peak 
in  Imxo(cu)  in  the  superconducting  state  occurs  at  the  en¬ 
ergy  CO  «  +  A  due  to  transitions  between  the  occu¬ 

pied  states  located  near  the  van  Hove  singularity  and  empty 
quasiparticle  states  above  the  gap.  The  logarithmic  diver¬ 
gence  in  Imxo(co)  is  absent  in  the  normal  state  and  appears 
only  when  the  superconducting  gap  opens.  This  agrees  with 
the  experimental  feature  (a).  Although  the  divergence  for¬ 
mally  exists  for  any  vector  q,  its  weight,  determined  by  the 
coherence  and  other  non-singular  factors  in  (1),  decreases 
as  q  deviates  from  Q.  More  precisely,  the  maximum  of  the 
weight  is  achieved  at  four  vectors  q  =  (nlail  ±  S),  TXjb) 
and  (jxla,iTlb{\  ±  5)),  5  ^  0.1,  located  around  Q.  With 
the  assumption  that  they  have  not  been  resolved  in  exper¬ 
iment  [1],  this  property  may  simulate  feature  (b).  If  is 
taken  closer  to  the  Fermi  level,  this  “van  Hove  scenario”  is 
a  possible  interpretation  of  the  experiment. 

If  we  take  into  account  an  exchange  interaction  between 
Cu  spins,  /(q)  =  y||[cos(^x^2)  +  cosiqyb)],  the  spin  suscep¬ 
tibility  is  renormalized  in  an  RPA  manner: 

X(q>  =  Xo(q,  (JO)/[\  +  7(q)Xo(q>  to)].  (2) 

Since  the  real  part  of  Xo(q>to)  diverges  as  cu  2 A,  as 
discussed  above,  the  renormalized  susceptibility  x(q.  to)  (2) 
has  a  pole  at  cu  close  to  2A  with  singularities  in  both  real 
and  imaginary  parts  of  x-  Physically,  the  pole  in  x(q>  to)  de¬ 
scribes  a  triplet  electron-hole  collective  mode  (an  “antipara- 
magnon”  or  a  “triplet  exciton”)  with  the  energy  slightly  be¬ 
low  2A.  In  this  picture,  the  singularity  in  Imx(q,  tu)  appears 
due  to  the  excitation  of  this  collective  mode. 

The  exciton,  generally  speaking,  should  exist  for  any  q,  in 
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Fig.  2.  The  imaginary  part  of  qy,(J^)y  plotted  as  a  function 
Qi  q  =  qx-  qy  and  co  for  the  order  parameter. 


contradiction  with  feature  (b).  However,  because  of  the  finite 
r,  the  position  of  the  pole  in  eqn  (2)  shifts  to  the  complex 
plane,  which  means  that  the  excitons  acquire  a  finite  lifetime. 
For  reasonable  values  off,  a  pronounced  peak  in  Imx(q,  co) 
exists  only  for  q  close  to  Q  (where  /(q)  is  the  strongest). 
Thus,  in  this  “exciton  scenario”,  the  position  of  the  neutron 
peak  in  q-space  is  set  by  7(q)  and  in  co  by  Rexo(q.  co).  In 
Fig.  2,  we  show  Imx(q,  co)  calculated  according  to  eqn  (2) 
for  the  same  dxi-^  model  as  in  Fig.  1  with  J\\  =  300  meV. 
A  single  peak  in  Imx(q.  co),  localized  both  in  q  and  co,  is 
observed.  This  picture  seems  to  be  compatible  with  Fig.  4 
of[l]. 


In  the  case  of  a  bilayer  system,  eqn  (2)  is  modified  as 
follows: 

,  ,  cos^{q,d/2)x<)*^  ,  (q^dlDxV 

(q,  CO)  =  xr (q,  (q.  «)), 

y<±)(q)  =/(q)±/x.  (4) 

Here,  Jj.  >  0  is  the  amplitude  of  the  antiferromagnetic 
interaction  between  Cu  spins  on  different  layers.  The  indices 
b  and  a  of  Xo  refer  to  bonding  and  antibonding  electron 
bands  of  the  bilayer.  The  susceptibilities  Xo^\  where  i  and  j 
take  values  a  or  b,  are  given  by  eqn  (1),  where  the  variables 
with  the  indices  k  and  k+q  should  refer  to  bands  i  and  y, 
respectively. 

According  to  eqn  (3),  experimental  feature  (c)  suggests 
that  only  transitions  between  bonding  and  antibonding  elec¬ 
tron  bands  are  allowed.  Such  behavior  can  be  readily  ex¬ 
plained  if  the  superconducting  state  in  YBa2Cu307  has  5- 
wave  symmetry  with  opposite  signs  of  the  gap  in  the  bond¬ 
ing  and  antibonding  bands  [2].  In  this  state,  intraband  tran¬ 
sitions  are  forbidden  because  the  condition  AkAk+q  <  0  is 
satisfied  only  for  different  bands.  All  of  the  preceding  dis¬ 
cussion  about  the  “exciton”  and  the  “van  Hove”  scenarios 
applies  to  this  state. 

If  superconductivity  in  a  bilayer  compound  is  of  the 
dxi^yii.  type,  feature  (c)  can  be  explained  if  the  amplitude 
Jx  in  eqn  (4)  has  such  a  value  that  the  exciton  resonance 
takes  place  in  the  second  term  of  eqn  (3),  but  not  in  the 
first  term.  On  the  other  hand,  the  “Van  Hove”  scenario  is 
difficult  to  reconcile  with  the  dx2-yi  pairing  and  feature  (c). 

More  detailed  presentation  of  the  reported  results  can  be 
found  in  Ref.  [3]. 
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Abstract — ^Etfects  of  long-range  Coulomb  interaction  in  one-dimensional  electron  systems  are  studied.  With 
use  of  a  quantum  Monte  Carlo  method,  we  find  that  the  zero-frequency  wave-number  dependent  charge- 
susceptibility  around  quarter-filling  clearly  exhibits  both  Ikp  and  4/:f  singularities,  kr  being  the  Fermi 
wave-number,  in  contrast  with  the  extended-Hubbard  model  with  on-site  and  nearest-neighbor  interactions. 
The  results  are  in  accord  with  the  X-ray  diffuse  scattering  experiments  in  (NMP)x(phen)i-x(TCNQ).  The 
power-law  exponent  «  in  the  spectral  function  p{(Jo)  ^  |co|“  and  the  single -particle  excitation  spectrum 
A{k,(jo)  are  calculated  in  the  exact  diagonalization  method  and  compared  with  the  observed  value  of  «  in 
the  high-resolution  photoemission  experiments. 


In  the  low-dimensional  electron  systems,  the  charge  screen¬ 
ing  is  less  complete  and  the  long-range  Coulomb  interaction 
is  considered  to  play  an  important  role  [1,2].  Several  exper¬ 
iments  in  quasi-one-dimensional  (ID)  conductors  indicate 
the  importance  of  the  long-range  Coulomb  interaction  be¬ 
tween  electrons:  the  X-ray  diffuse  scattering  experiments  in 
(NMP)x(phen)i-x(TCNQ)by  Epstein  et  al  [3]  have  shown 
the  crossover  of  the  electronic  instability  from  Iky^  to 
on  the  same  TCNQ  chains  with  decreasing  x  and  the  coex¬ 
istence  of  both  2kf(  and  4A:f  instabilities  for  0.57  <  x  <  2/3, 
Uy  being  the  Fermi  wave-number.  The  crossover  may  be  in¬ 
terpreted  intuitively  as  that  from  Peierls  instability  to  Wigner 
crystallization.  In  order  to  verify  this  scenario,  it  is  necessary 
to  show  which  model  exhibits  both  instabilities  at  the  same 
time.  However,  in  the  model  with  long-range  interaction  in 
the  limit  of  vanishing  hopping  matrix  only  the  singu¬ 
larity  exists  [1,2],  whereas  in  the  extended  Hubbard  model 
with  nearest-neighbor  interaction  the  lack  of  a  parameter 
region  in  which  structure  of  both  2A:f  and  Ak^  coexists  was 
concluded  [4].  The  recent  high-resolution  photoemission  ex¬ 
periments  in  quasi-lD  metals  such  as  (TMTSF)2PF6  and 
BaVSa  [5,6]  revealed  that  the  spectral  function  p(co)  shows 
the  power-law  behavior  |co|“,  instead  of  the  Fermi  edge 
in  the  Fermi-liquid,  and  the  exponent  «  is  much  larger 
than  that  in  the  Hubbard  model,  indicating  the  importance 
of  the  long-range  interaction.  On  the  theoretical  side,  the 
wave-number  dependent  single-particle  excitation  spectrum 
A{K  co)  has  not  been  understood  so  clearly  [7,8]. 

The  purpose  of  this  paper  is  to  investigate  effects  of 
the  long-range  Coulomb  interaction  on  the  zero -frequency 
wave-number-dependent  charge-susceptibility  A^(^)  in  ID 
electron  systems  in  the  quantum  Monte  Carlo  (QMC) 
method  and  to  examine  the  relation  among  the  power-law 
exponent  of,  the  range  of  interaction  and  the  single-particle 
excitation  spectrum  A{k,(jo)  in  the  numerically  exact  diag¬ 
onalization  (ED)  method. 


The  system  we  will  study  is  defined  by  the  Hamiltonian 

5 

H  =  +h.c)j  +  U 

i,cr  I  7=1  i 

(1) 

where  the  notations  are  the  conventional  ones.  First,  let 
us  calculate  N(q)  in  the  QMC  method  with  the  world-line 
algorithm  [9].  The  simulations,  which  are  carried  out  on 
the  periodic  ring  of  up  to  60  sites  bX  t IT  =  2A  (T  being 
temperature)  and  (around)  quarter-filling  with  U It  =  A  and 
10,  have  clearly  shown  both  the  2/:f  and  Akp  singularities 
when  the  interaction  is  longer  than  that  between  nearest- 
neighbors.  The  results  are  in  accord  with  the  X-ray  diffuse 
scattering  observation  in  (NMP)x(phen)i-x(TCN(5)  and  are 
in  contrast  with  those  in  the  extended-Hubbard  model  with 
on-site  and  nearest-neighbor  interactions  [4]. 

Second,  the  value  of  a  is  analyzed  for  the  model  of  eqn 
(1)  with  U  00^  Vi  and  V2  in  the  ED  method.  We  use  the 
standard  Lanczos  method  in  the  ring  with  up  to  16  sites. 
To  calculate  (x,  the  relations  which  hold  generally  in  the 
Tomonaga-Luttinger  liquid  are  used  [10].  We  have  obtained 
that  at  quarter-filling  the  value  of  a  cannot  exceed  the  max¬ 
imum  one  in  the  extended-Hubbard  model,  9/16  [11],  due 
to  the  instability  of  metallic  phase.  But,  away  from  quarter¬ 
filling,  the  value  of  a  can  be  larger  than  one,  even  in  the 
extended-Hubbard  model  [12].  It  is  not  possible  to  ascribe 
the  large  value  of  a  observed  in  (TMTSF)2PF6 ,  which  is 
about  1.25  [5],  to  the  electronic  origin  if  this  material  is  ex¬ 
actly  at  3/4-filling.  On  the  other  hand,  for  BaVSs  which  is 
expected  to  be  near  half-filling,  the  observed  value  of  about 
0.8  [6]  may  be  explained  by  the  long-range  interaction. 

Finally,  A{k,co)  is  calculated  in  the  ED  method  with  the 
Lanczos  algorithm  and  the  continued-fraction  expansion. 
The  results  are  shown  in  Fig.  1(a)  and  (b)  where  we  have 
6  electrons  on  the  periodic  ring  of  12  sites  with  U It  =  A 
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-  9(CJ0  -  Vsq){a)  -  and  A(q,co  c=i  y^q)  - 

with  (Vc)  being  the  spin  (charge)  velocity 
and  ^  [7,8].  We  also  note  that  the  distance  between 

these  peaks  is  wider  in  the  case  (b)  than  (a).  This  is  because 
the  difference  between  v,  and  is  larger  in  (b)  than  (a). 

To  summarize,  the  effects  of  the  long-range  interaction 
in  ID  electron  systems  were  studied.  By  using  the  QMC 
method,  both  the  2kp  and  4/:f  singularities  in  the  charge 
susceptibility  were  clearly  observed  as  the  interaction  be¬ 
tween  electrons  was  long-ranged.  We  calculated  the  correla¬ 
tion  exponent  oc  for  the  systems  with  t/  -►  oo  and  the  single¬ 
particle  excitation  spectrum  ^  co)  in  the  ED  method.  The 
detailed  results  and  the  analyses  will  be  given  in  separate 
publications. 
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Fig.  1.  Single-particle  excitation  spectrum  ^  6o)  at  quarter-filling 

obtained  for  the  periodic  ring  of  12  sites  with  (a)  =  4  and  (b) 

Ujt-A  and  Fi  jt  =  2.  Here,  PES  and  IPES  mean  photoemission 
and  inverse  photoemission  spectra,  respectively. 


[case(a)]  and  U It  =  4  and  Vy/t  =  2  [case(b)],  respectively. 
In  case  (a),  the  value  of  «  is  0.03  and  in  case  (b)  it  is 
0.18.  As  seen  in  Fig.  1,  the  system  with  large  a  leads  to 
the  larger  weight  of  inverse  photoemission  spectrum  (IPES) 
at  the  wave-numbers  less  than  A:f  =  Tr/4.  At  k  =  7r/2, 
two  large  peaks  (denoted  by  arrows  in  the  figure)  show 
the  singularities  similar  to  those  in  the  Luttinger  model, 
where  IPES  shows  the  characteristic  behavior  as  A(q,a)^ 
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Abstract — ^We  present  a  simple  phenomenological  model  of  the  c-axis  resistivity  in  the  layered  cuprates, 
which  accounts  for  the  major  features  and  systematics  of  experiments  on  the  c-axis  resistivity,  Pc,  for 
La2-xSrxCu04,  YBa2Cu306+x  and  Bi2Sr2CaCu208  .  We  associate  the  low  temperature  semiconductor-like 
upturn  in  the  c-axis  resistivity  with  the  suppression  of  the  planar  density  of  states  measured  in  the  Knight 
shift  experiments. 


Recent  c-axis  optical  measurements  [1]  show  that  the 
semiconductor-like  resistivity  “upturn”  in  underdoped 
YBa2Cu306+;c  is  actually  associated  with  a  uniform  sup¬ 
pression  of  the  optical  conductivity  below  300cm“^ 
and  the  low  frequency  c-axis  conductivity  scales  with  the 
Knight  shift,  which  has  a  pseudogap  behavior.  Since  the 
Knight  shift  is  proportional  to  the  in-plane  density  of 
states:  K,  oc  A^(0),  a  phenomenological  expression  for  this 
contribution  to  c-axis  transport  can  be  written  as: 

=N{0)—tlrc  (1) 

where  d  is  the  interlayer  spacing,  N(0)  is  the  in-plane  den¬ 
sity  of  states,  and  is  the  interlayer  coupling.  Here  cor¬ 
responds  to  the  electron  scattering  in  the  “barrier”  layer  be¬ 
tween  CuOa  “cells”  (i.e.  layers,  bilayers,  trilayers,  etc.),  which 
is  temperature  independent.  On  the  other  hand,  c-axis  trans¬ 
port  measurements  of  La2-xSrxCu04  and  Bi2Sr2CaCu208 
yield  Pc  oc  p^,iy  at  high  temperatures  [2,3],  suggesting  that  in¬ 
plane  scattering  or  fluctuations  may  dominate  c-axis  trans¬ 
port  in  this  regime.  This  contribution  to  c-axis  transport 
can  be  written  [4], 

a-f^=iV(0)— (2) 

where  Tab  can  be  derived  from  the  planar  conductivity  dab  - 
(jy^l|T«/,/47T,  and  the  temperature-independent  quantity,  t\, 
measures  the  effectiveness  of  planar  fluctuation  processes 
to  c-axis  transport.  Because  eqns  (1)  and  (2)  describe  in¬ 
dependent  physical  processes,  it  seems  natural  to  consider 
the  corresponding  tunneling  and/or  scattering  mechanisms 
as  additive  in  the  resistivity.  We  are  thus  led  to  propose  the 
following  expression  for  Pc, 

/  1  1  \  .. 

in  the  limit  that  one  mechanism  or  the  other  is  dominant,  it 
yields  the  corresponding  conductivity  given  in  eqns  (1)  and 
(2). 


Using  eqn  (3),  we  may  analyze  the  existing  c-axis  re¬ 
sistivity  data  of  La2-xSr;cCu04  [2],  YBa2Cu306+x  [5]  and 
Bi2Sr2CaCu208  [6],  since  we  can  obtain  7V(0),  d.  Tab,  and 

from  different  magnetic  and  transport  experiments  [8], 
we  are  left  with  a  two-parameter  fit  for  each  cuprate.  De¬ 
tails  of  these  fits  are  given  in  Ref  [8],  in  which  we  find  eqn 
(3)  accounts  well  for  the  Pc  data  of  the  above  three  types 
of  cuprates  at  various  doping  concentrations,  and  the  re¬ 
sults  for  tx  and  1/Tc  are  consistent  with  optical  and  Raman 
experiments  [7]. 

In  conclusion,  we  have  presented  a  model  for  c-axis  re¬ 
sistivity  of  high  Tc  cuprates,  in  which  the  c-axis  resistivity 
consists  of  contributions  from  the  in-plane  dephasing  pro¬ 
cess  and  the  c-axis  “barrier”  scatterings.  As  a  result,  we  pre¬ 
dict  that  whenever  the  spin  pseudogap  appears  in  the  planar 
density  of  states,  it  will  also  show  up  in  the  c-axis  resistivity 
as  a  “semiconductor-like”  low  temperature  upturn. 
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Abstract— We  briefly  review  how  the  order  parameter  symmetry  of  unconventional  superconductors  may  be 
probed  experimentally.  Examples  of  such  attempts  for  both  heavy-electron  and  cuprate  superconductors  are 
discussed.  Many  independent  results  indicate  that  the  gap  of  these  superconductors  has  nodes  in  the  form 
of  lines  or  points  on  the  Fermi  surface. 


1.  INTRODUCTION 

For  common  metals  and  alloys  the  occurrence  of  a  super¬ 
conducting  ground  state  is  the  natural  consequence  of  the 
interaction  between  itinerant  charge  carriers  and  lattice  de¬ 
formations,  leading  to  a  pairing  of  the  charge  carriers  and 
a  concomitant  gap  in  the  excitation  spectrum.  This  is  all 
very  well  described  by  the  theory  of  Bardeen  et  al  [1]  (BCS) 
where  the  simplest  form  of  pairing  is  between  charge  car¬ 
riers  with  opposite  momentum  and  spin,  triggered  by  a  k- 
independent  interaction  potential.  The  resulting  order  pa¬ 
rameter  related  with  the  phase  transition  is  of  s-wave  sym¬ 
metry  and  the  associated  energy  gap  is  non-zero  for  all  di¬ 
rections  in  k  space.  More  generally,  the  interaction  potential 
will  depend  on  k  and  the  energy  gap  may  be  anisotropic 
but  is  tied  to  the  symmetry  of  the  Fermi  surface. 

Superconductivity  that  occurs  under,  conventionally 
viewed,  unfavourable  conditions,  is  often  suspected  to  be 
of  unconventional  nature.  Apart  from  the  phenomenon  of 
superfluidity  in  ^He  [2],  this  possibility  was  first  seriously 
considered  for  heavy-electron  superconductors  [3]  but  also 
put  forward  soon  after  the  discovery  of  superconductiv¬ 
ity  in  cuprates  at  unexpected  high  temperatures  [4].  In 
both  cases  the  preceding  normal  state  reveals  anomalous 
features  which  indicate  that  the  responsible  mechanisms 
for  superconductivity  are  most  likely  not  based  on  simple 
electron-phonon  couplings.  Alternative  mechanisms  may 
also  lead  to  superconducting  states  with  unconventional 
characteristics  of  pairing  and  order  parameter  symmetries. 
As  a  consequence,  also  the  symmetry  of  the  gap  in  the 
electronic  excitation  spectrum  is  more  complicated  and  gap 
nodes  of  different  varieties  may  form. 

It  is  particularly  this  unusual  k-dependence  of  the  gap 
structure  which  offers  experimental  access  to  identifying  un¬ 
conventional  superconducting  states.  The  form  of  the  gap 
in  the  excitation  spectrum  has  a  decisive  influence  on  the 
temperature  dependence  of  any  physical  quantity  that  de¬ 
pends  on  electronic  excitations  out  of  the  ground  state.  This 
is  particularly  true  for  temperatures  much  below  T^,  usually 
close  to  r  “  0  K.  For  overall  non-zero  gaps,  as  in  com¬ 


mon  superconductors,  all  electronically  dominated  physical 
properties  are  expected  to  decrease  exponentially  for  T  « 
Tc.  This  is  not  so,  if  gap  nodes  are  developing  as  points 
or  lines  of  zeroes  on  the  Fermi  surface.  In  these  cases  the 
electronic  density  of  states  is  not  zero  up  to  the  gap  energy 
E  =  A  but  varies  as  power  laws  of  E  for  small  energies.  As 
a  consequence,  the  temperature  variation  of  physical  prop¬ 
erties  due  to  electronic  excitations  at  temperatures  well  be¬ 
low  Tc  is  given  by  power  laws  of  T  which,  under  favourable 
circumstances,  may  well  be  distinguished  from  the  conven¬ 
tional  exponential  behaviour.  The  exponents  of  these  power 
laws  depend  on  the  manifold  of  the  gap  nodes  which  are,  of 
course,  again  related  to  the  symmetry  of  the  order  parame¬ 
ter,  This  type  of  experiments  has  mainly  been  used  in  stud¬ 
ies  of  heavy  electron  superconductors  and  some  instructive 
examples  are  presented  in  Section  2. 

More  recently,  another  approach  of  directly  probing  the 
symmetry  of  the  order  parameter  has  been  pursued.  The 
basic  idea,  first  introduced  by  Geshkenbein  and  Larkin  [5], 
is  to  probe  the  phase  coherence  of  superconducting  loops, 
specially  tailored  by  employing  combinations  of  the  super¬ 
conductor  under  investigation  and  conventional  supercon¬ 
ducting  materials.  Various  experimental  realizations  of  this 
idea,  which  is  expected  to  be  of  value  in  special  cases  of 
order-parameter  symmetries,  have  been  used  to  probe  the 
superconducting  state  of  high-Tc  cuprate  superconductors, 
as  we  shall  demonstrate  in  Section  3. 


2.  CHARACTERISTICS  OF  HEAVY-ELECTRON 
SUPERCONDUCTORS 

The  normal  state  properties  of  these  materials  are  char¬ 
acterized  by  strongly  enhanced  electronic  specific  heats  and 
magnetic  susceptibilities  at  low  temperatures  [6]  and  the 
critical  temperatures  Tc  are  of  the  order  of  1  K  or  less.  This 
means,  of  course,  that  measurements  probing  the  electronic 
excitation  spectrum  in  the  limit  of  T  <<  Tc  have  to  be  made 
well  below  1  K.  On  the  other  hand,  most  physical  prop¬ 
erties  of  these  materials  are  completely  dominated  by  exci- 
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Fig.  1.  CpfTvsT'^  for  UBe^  and  T  «  T^.  The  solid  line  is  a  fit 
as  explained  in  the  text  (see  also  Ref.  [7]). 

well  below  1  K.  On  the  other  hand,  most  physical  prop¬ 
erties  of  these  materials  are  completely  dominated  by  exci¬ 
tations  of  heavy-mass  electrons,  leading  to  large  enhance¬ 
ments  of  the  quantities  under  investigation.  Lattice  effects, 
which  are  a  real  problem  in  studying  the  electronic  proper¬ 
ties  of  cuprates,  may  usually  be  neglected.  Below  we  discuss 
two  examples  where  the  difference  between  the  experimental 
observation  and  expectations  based  on  calculations  using 
the  basic  form  of  the  BCS  theory  is  particularly  obvious. 

The  quantity  where  the  interpretation  of  the  measured 
data  should  be  least  complicated  is  the  specific  heat.  It  is  sim¬ 
ply  related  to  the  energy  dependence  of  the  density  of  states 
and  no  matrix  elements  describing  the  excitation  process 
need  to  be  considered.  The  BCS  solution  for  the  electronic 
specific  heat  below  is  of  the  form  Cf  =  aQXpi-bTdT), 
vanishing  exponentially  as  T  approaches  0  K.  In  Fig.  1  we 
show  the  result  of  specific-heat  measurements  on  UBen  [7], 
well  below  Tc  -  0.85  K,  plotted  in  the  form  CpjT  vs  T^. 
Note  that  the  lattice  contribution  is  orders  of  magnitude 
smaller  in  this  temperature  range  and  can  be  neglected.  It 
may  be  seen  that  the  temperature  dependence  is  far  from 
being  exponential.  The  solid  line  is  a  fit  resulting  from  a  cal¬ 
culation  [7]  assuming  a  superconducting  state  with  points 
of  nodes,  a  so-called  axial  state.  The  calculation  also  takes 
into  account  effects  that  may  strongly  influence  such  states 
in  the  form  of  resonant  impurity  scattering  [8].  Fit  parame¬ 
ters  are  the  maximum  amplitude  of  the  gap  A^,  the  density 
of  scatterers  and  the  scattering  phase  shift.  Regardless  of 
details,  the  deviation  from  simple  BCS  behaviour  is  rather 
clear. 

As  a  second  example  we  choose  the  temperature  varia¬ 
tion  of  the  London  penetration  depth  Al{T).  This  quantity 
is  intimately  related  with  the  superconducting  condensate, 
i.e.  its  density  via  Al  =  {m*c^l4nnse^)^^^.  Again,  the 
temperature  dependence  of  A  is  determined  by  the  gap  sym¬ 
metry  and  possible  nodes  are  responsible  for  power  law  be¬ 
haviour  also  in  this  case.  In  Fig.  2  we  show  the  results  of  ex¬ 
periments  probing  the  change  A  A  of  the  penetration  depth. 
Details  of  the  experiments  and  their  analysis  are  given  in 
Ref.  [9].  What  is  essential  here  is  the  direct  comparison  of 
AifT),  measured  with  the  same  technique  on  UBeis  and 
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Fig.  2.  Incremental  magnetic  field  penetration  depth  of  supercon¬ 
ducting  UBei3.  Also  shown  are  data  for  a  Sn  reference  sample. 


Fig.  3.  Schematic  diagram  of  loop  arrangements  for  probing  the 
phase  coherence 


Sn,  the  latter  serving  for  setting  the  standard  behaviour  of 
a  conventional  superconductor.  The  data  are  plotted  in  the 
same  reduced  temperature  range  and  the  difference  in  the 
overall  behaviour  provides  convincing  support  for  claim¬ 
ing  different  gap  symmetries  in  the  two  cases.  More  elabo¬ 
rate  conclusions,  of  course,  need  a  more  detailed  discussion 
which  is  not  attempted  here. 


3.  ORDER  PARAMETER  SYMMETRY  OF  CUPRATE 
SUPERCONDUCTORS 

Various  theoretical  model  calculations  and  interpreta¬ 
tions  of  experimental  data  have  indicated  a  non-s-wave  type 
order  parameter  for  cuprate  superconductors  [10].  In  most 
cases,  a  d-wave  symmetry  was  predicted  or  claimed  to  be 
the  most  likely  possibility,  others  favoured  a  so  called  ex¬ 
tended  s-wave  configuration  [11]. 

For  direct  experimental  tests  of  these  proposals,  attempts 
must  be  made  to  obtain  information  on  the  variation  of  the 
sign  of  the  order  parameter  amplitude  in  k-space.  The  idea 
for  possible  solutions  of  the  problem  was  mentioned  at  the 
end  of  the  introduction.  A  special  configuration  of  experi¬ 
ments  that  could,  in  principle,  verify  the  d-wave  character 
of  cuprate  superconductors  was  subsequently  put  forward 
by  Sigrist  and  Rice  [12].  Their  idea  may  be  generalized  by 
noting  that  a  contact  between  superconductors  with  oppo¬ 
site  signs  of  the  order  parameter  amplitude  generates  a  so 
called  n  junction  [13],  implying  that  the  phase  of  the  or¬ 
der  parameter  discontinuously  changes  by  tt.  A  schematic 
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Fig.  4.  (a)  Critical  current  IcW  of  a  loop  with  an  even  number 
of  TT  junctions,  (b)  Critical  current  Ici<t>)  of  a  loop  with  an  odd 
number  of  tt  junctions. 


picture  of  an  experimental  configuration  is  depicted  in  Fig. 
3(a).  The  stability  criterion  for  loops  containing  either  an 
even  (including  zero)  or  odd  number  of  n  jimctions  is  sig¬ 
nificantly  different.  In  the  first  case  the  amount  of  possibly 
trapped  flux  is  an  integer  number  of  flux  quanta  =  hjle 
and  the  second  case  requires  (f>  =  {n  +  The  chosen 
loop  may  be  a  SQUID  configuration  where  one  or  two  of 
the  contacts  may  be  expected  to  be  a  tt  junction  [see  Fig. 
3(b)].  The  critical  current  Ic  of  a  SQUID  varies  periodically 
with  the  magnetic  flux  inside  the  loop.  The  location  of  the 
Ic  maxima  or  minima  depends  critically  on  the  phase  coher¬ 
ence  around  the  superconducting  loop.  If  the  SQUID  con¬ 
tains  none  or  two  n  junctions,  the  Ic(4>)  pattern  is  expected 
as  shown  in  Fig.  4(a).  The  pattern  of  Ic(<t>)  for  a  SQUID 
with  one  of  the  contacts  being  a  tt  junction  is  shifted  by  tt, 
as  shown  in  Fig.  4(b). 

The  first  experimental  realization  of  this  type  of  SQUID 
measurements  was  accomplished  by  Wollman  and  co¬ 
workers  [14],  who  studied  the  critical  current  behaviour  of 
SQUIDs  fabricated  from  single-crystalline  YBa2Cu306.9 
(YBCO)  and  Pb.  In  their  approach,  the  Pb  part  was  in  the 
form  of  thin  films,  making  contact  either  around  the  comer 
of  a  YBCO  crystal  to  the  a  and  b  direction  of  the  crystal 
lattice  or  with  both  junctions  located  on  the  same  edge  of 
the  crystal,  both  facing  the  same  crystalline  direction.  Con¬ 
sidering  the  crystal  structure  of  YBCO,  favourable  for  a 
dx2-y^  symmetry  of  the  order  parameter,  the  first  configura¬ 
tion  is  likely  to  contain  one  junction  acting  as  a  tt  junction. 
In  the  second  case,  either  none  or  two  tt  junctions  may 
be  expected.  The  modulation  of  4(0)  was  monitored  via 
measuring  the  dynamical  resistance  of  the  SQUIDs  and  the 
tendency  of  a  tt  shift  of  4(0)  for  loops  around  the  corner 
of  the  crystals,  in  comparison  with  4(0)  for  edge  SQUIDs 
was  recognized.  The  result  was  interpreted  as  being  an 
indication  of  the  d-wave  symmetry  of  the  superconducting 
order  parameter  of  YBa2Cu306.9.  . 

In  another  approach,  Brawner  and  Ott  [15]  tried  to  com¬ 
pare  the  performance  of  a  hybrid  SQUID  fabricated  from 
single-crystalline  YBCO  and  Nb,  expected  to  contain  one 
TT  junction,  with  that  of  two  adjacent  SQUIDs  made  out  of 
Nb  alone  and  expected  to  behave  in  the  usual  manner.  De¬ 
tails  of  the  experimental  setup  are  given  in  reference  [15].  A 
comparison  of  4(0)  for  tbe  two  configurations,  again  ac¬ 
complished  by  measurements  of  the  dynamical  resistances, 
indicates  quite  clearly  a  considerable  shift  in  phase  for  4(0) 


between  the  two  types  of  SQUIDs.  The  observed  relative 
phase  shift  is  160  ±  20  degrees,  including  the  anticipated  re¬ 
sult  for  the  superconducting  state  of  YBCO  revealing  an  or¬ 
der  parameter  with  pure  d-wave  symmetry.  It  also  allows  for 
more  complicated  solutions  for  the  order  parameter  wave 
function,  where  phase  shifts  other  than  tt  may  occur. 

The  maxima  of  4  for  0  =  w0o  imply  that  a  closed  super¬ 
conducting  loop  may  trap  flux  quantities  given  by  an  integer 
number  of  flux  quanta,  i.e.  the  situation  with  no  trapped 
flux  is  also  possible.  A  closed  loop  with  an  odd  number  of 
TT  junctions,  as  mentioned  above,  will  help  trap  flux  of  val¬ 
ues  0  =  («  +  ^)0£,  and  therefore  a  spontaneous  moment 
corresponding  to  an  4  maximum  is  always  generated.  This 
idea  was  tested  in  experiments  of  Tsuei  and  coworkers  [16] 
and  Kirtley  and  coworkers  [17].  Small,  ring  shaped  films 
of  YBCO  were  deposited  on  suitably  tailored  SrTiOs  sub¬ 
strates.  These  substrates  were  composed  of  differently  ori¬ 
ented  crystals,  mended  in  a  way  that  would  allow  the  prepa¬ 
ration  of  different  rings  deposited  on  the  substrates  with  an 
even  (including  zero)  or  odd  number  of  tt  junctions.  The 
amormt  of  trapped  flux  in  these  rings  was  monitored  with 
a  scanning  micro -SQUID  probe.  Again,  it  was  found  that 
loops  with  an  odd  number  of  tt  junctions  behaved  differ¬ 
ently  from  those  with  an  even  number  or  none  at  all,  in 
the  sense  that  they  trap  flux  values  close  to  0  =  (n  +  ^)0o 
instead  of  0  =  «04>,  as  in  the  latter  cases.  This  result  is, 
as  indicated,  equivalent  to  those  obtained  with  the  SQUID 
experiments. 

With  these  experiments  of  different  style  and  some  others 
[18,  19],  there  is  increasing  evidence  that  the  order  param¬ 
eter  of  YBa2Cu306.9,  a  standard  representative  of  high-Tc 
cuprate  superconductors,  is  not  of  the  common  s-wave  va¬ 
riety.  This  result  inevitably  implies  that  nodes  in  the  energy 
gap  of  the  electronic  excitation  spectrum  also  should  influ¬ 
ence  the  temperature  dependencies  of  thermal  and  trans¬ 
port  properties  of  this  material  [20].  It  should  not  be  con¬ 
cealed  that  a  few  experiments  of  the  above  mentioned  type 
or  similar  in  character  gave  contradictory  results  [21,  22]. 
These  discrepancies  must  be  resolved.  It  also  remains  to  be 
seen  whether  similar  experiments  with  other  cuprate  mate¬ 
rials  give  analogous  results.  A  first  attempt  in  this  direction, 
namely  SQUID  experiments  with  oxygen  depleted  YBCO 
(Tc  =  60  K),  confirms  the  phase  shift  observations  obtained 
with  fully  oxygenated  YBCO  [23]. 


4.  CONCLUDING  REMARKS 

Of  course,  the  order  parameter  symmetry  still  gives  no 
real  clue  for  an  unequivocal  identification  of  the  mechanism 
of  superconductivity  neither  in  heavy-electron  nor  cuprate 
superconductors.  It  is  still  necessary  to  combine  available 
information  on  properties  both  in  the  normal  and  the  super¬ 
conducting  state  and  to  try  to  establish  a  reasonable  picture 
describing  the  experimental  facts  consistently. 
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Abstract — Based  on  macroscopic  quantum  coherence  effects,  flux  quantization  and  pair  tunneling,  a  tricrystal 
experiment  has  been  designed  and  carried  out  to  study  the  microscopic  phase  of  the  pair  wavefunction 
in  high  Tc  cuprate  superconductors.  Using  a  high-resolution  scanning  SQUID  microscope,  we  have  made 
the  first  direct  observation  of  spontaneously  generated  half  integer  flux  quanta  in  controlled-orientation 
tricrystal  rings.  By  varying  the  grain  misorientation  and  the  grain  boundary  angles  in  the  tricrystal,  we  have 
proved  that  the  order  parameter  in  YBCO  has  nodes  and  lobes  consistent  with  d-wave,  but  not  with  the 
g-wave  pairing  symmetry.  The  results  of  this  work  demonstrate  that  the  half-integer  flux  quantum  effect  in 
superconducting  systems  containing  multi-grains  with  deliberately  designed  grain  orientation  can  be  used  as 
a  general  technique  for  probing  the  pairing  symmetry. 


1.  INTRODUCTION 

An  unambiguous  determination  of  the  symmetry  of  the  pair 
wavefunction  in  cuprates  is  important  to  understanding  the 
mechanism  of  high-temperature  superconductivity  in  this 
class  of  novel  superconductors  [1^].  In  this  brief  article,  we 
will  describe  a  technique  of  probing  pairing  symmetry  in 
cuprate  superconductors  using  the  recently  observed,  half¬ 
integer  flux  quantum  effect  in  tricrystal  cuprate  rings[5]. 

A  pair  wavefunction,  Y(r,  /?),  can  be  written  in  a  factor- 
izable  form  as  follows: 

W{rR)  =  cl>(r)iij(R)  (1) 

where  (/)(r)  describes  the  internal  structure  of  the  Cooper 
pairs  and  |  r  |  is  the  distance  between  the  paired  electrons, 
(//(/?)  defines  the  centers  of  mass  motion  of  the  pairs  with 
respect  to  a  fixed  point  in  space  at  a  distance  of  |  /?  |.  It  is 
well  known  that  the  function  (pir)  contains  the  microscopic 
phase  information  of  the  pair  state,  while  (//(/?)  is  related 
to  the  macroscopic  phenomena  of  superconductivity.  Ex¬ 
perimental  manifestations  of  effects  arising  from  ipiR)  are 
well-established  and  abundant.  Examples  include:  Joseph- 
son  effects,  the  Meissner  effect,  flux  quantization... etc.  On 
the  other  hand,  it  has  been  very  difficult  to  measure  the 
microscopic  part  of  the  pair  wavefunction.  In  terms  of 
the  BCS  formalism,  the  wavevector  k-space  counterpart  of 
</)(#•),  <f>{k)  (where  <p{r)  =  is  directly  related 

to  the  order  parameter,  the  k-dependent  energy  gap  A(/r), 
(<p{k)  =  A(k)IE(k),  where  £  (A:)  is  the  quasiparticle  energy 
in  the  superconducting  state,  E(k)  =  yje^{k)  +  A2(A:),  e(k) 
is  the  one-electron  energy).  Since  and  A(Ar)  transform 
the  same  way  under  the  symmetry  group  operation  of  the 
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crystal  lattice,  the  symmetry  of  the  gap  reflects  that  of  the 
pair  wavefunction.  A  systematic  study  of  the  pair  tunneling 
across  the  tunnel  barrier  of  the  Josephson  junction  should, 
in  principle,  reveal  the  pairing  symmetry  of  the  supercon¬ 
ductors  that  the  junction  electrodes  are  made  of  In  prac¬ 
tice,  such  measurements  are  invariably  plagued  by  issues  as¬ 
sociated  with  sample  (junction)  quality,  junction  geometry, 
trapped  flux.. .etc.  As  a  consequence,  the  results  of  such  ex¬ 
periments  are  highly  controversial.  Spectroscopic  techniques 
such  as  the  high-resolution  ARPES  can  measure  the  mag¬ 
nitude  of  the  gap  parameter,  |  A(^)  |,  over  the  Brillouin 
zone  but  not  its  sign  [6].  Inferences  about  the  gap-parameter 
symmetry  from  measurements  on  the  anomalous  dependen¬ 
cies  of  properties  such  as  the  penetration  depth,  NMR...etc. 
are  not  very  conclusive  due  to  the  indirect  nature  of  the  ex¬ 
periments  [4].  In  view  of  the  experimental  issues  mentioned 
above,  we  have  designed  a  new  experiment  for  obtaining 
microscopic  phase  information  from  <p(r)  in  the  pair  wave- 
function  T  (r,  R)  by  making  use  of  two  macroscopic  quan¬ 
tum  phenomena,  flux  quantization  and  the  Josephson  pair 
tunneling  —  both  are  quantum  coherent  effects  arising  from 
the  (//(/?)  part  of  the  pair  wavefunction. 


2.  THE  TRICYRSTAL  EXPERIMENT 
2.1.  Theoretical  Consideration 

Before  the  design  of  the  tricrystal  experiment  is  presented, 
let  us  consider  the  following:  a)  the  symmetry  of  the  order 
parameter  in  cuprate  superconductors  and,  b)  the  ground 
state  of  superconducting  rings  containing  Josephson  junc¬ 
tions. 
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2.1.1.  The  pairing  symmetry  in  cuprate  superconductors: 

The  symmetry  of  the  order  parameters  A(/r)  has  to  pre¬ 
serve  that  of  the  crystal  lattice.  In  principle,  one  could  use 
the  group  -  theoretical  technique  to  enumerate  all  possible 
pair  states  that  correspond  to  the  irreducible  representations 
of  the  point  group  of  the  lattice.  In  high  -  Tc  cuprate  super¬ 
conductors,  superconductivity  presumably  originates  from 
the  quasi-2D  Cu-O  square  (tetragonal)  lattice.  The  effect 
of  orthorhombic  distortion  in  cuprates  such  as  YBCO  and 
Bi2212  will  be  considered  later.  With  the  tetragonal  (4  -  fold 
rotational)  symmetry  D4h  as  the  premise,  one  can  consider 
the  following  major  possible  pair  states: 

s-wa\e  pair  state:  The  s-wave  order  parameter  is  always  of 
one  sign  and  nodeless.  It  corresponds  to  the  identity  irre¬ 
ducible  representation  of  any  point  group  symmetry.  The  s- 
wave  pairing  probably  prevails  in  most  low-Tc  conventional 
superconductors.  In  the  case  of  cuprate  superconductors,  it 
is  generally  believed  that  simple  s-wave  pairing  is  ruled  out 
because  of  the  strong  on-site  Coulomb  repulsion  which  is 
a  common  characteristic  shared  by  all  Cu-O  superconduc¬ 
tors. 

d-wave  pair  state:  In  the  d^i-yi  pair  state,  the  energy  gap 
as  a  function  of  k  can  be  expressed  as: 

A(A:)  =  Ao(cos/:;c  -  cos/:^)  (2) 

where  Ao  is  a  constant.  In  polar  coordinates,  the  gap  func¬ 
tion  varies  as  cos  20  (  0  is  the  angle  of  k  with  respect  to 
axis  kx)  and  is  characterized  by  four  lobes  with  opposite 
signs  and  node  lines  along  the  diagonal  directions  (i.e.  A  = 
0,  for  0  =  Tr/4  and  37t/4  ).  The  d-wave  pairing  is  favored 
by  high  -  Tc  mechanisms  based  on  spin  fluctuations  [1,2]. 
D-wave  electron-phonon  mechanisms  for  high-temperature 
superconductivity  are  also  proposed.  [7] 

generalized  s-wave  pairing:  The  gap  function  of  the  so- 
called  extended  s-wave  pair  state  [8]  has,  in  its  simplest  form, 
eight  nodes  on  the  Fermi  surface  and  it  varies  as: 

A(^)  =  Ao(cosA:x  +  cos/:^)  (3) 

or  as  cos  40  in  polar  coordinates.  This  kind  of  pair  state 
has  been  suggested  as  the  electronic  mechanisms  for  super¬ 
conductivity  in  heavy-fermion  systems  and  more  recently  in 
cuprates. 

anisotropic  s-wave  pairing:  In  this  pair  state,  the  order  pa¬ 
rameter,  A  (A)  is  nodeless  but  may  vary  its  magnitude  to 
have  lobes  of  the  same  sign.  For  example,  A(A:)  can  assume 
the  following  functional  form: 

A  (A)  =  Ao((coskx  +  cos  ky)^  +  1)  (4) 

A  recent  APRES  study  on  Bi2212  single  crystals  by  Ding 
et  al.[9]  provides  supporting  evidence  for  anisotropic  s-wave 
pairing[10]. 


2.1.2.  The  ground  state  of  a  superconducting  ring  containing 
Josephson  junctions 

The  ground  state  of  a  superconducting  ring  is  determined 
by  the  number  of  the  so-called  TT-junctions  [1 1-14]  in  the 
ring.  A  rr-Junction  is  a  Josephson  junction  with  a  negative 
supercurrent,  an  effect  first  predicted  in  1979,  due  to  a  phase 
shift  of  TT  at  the  junction  interface.  A  junction  with  a  pos¬ 
itive  Josephson  current  is  called  0-junction.  The  usual  ex¬ 
pression  for  supercurrent  of  a  Josephson  junction  between 
superconductors  i  and  j  can  be  written  as  follows: 

fj  ^\fJ\s\n{54>ij  +  <t>j)  (5) 

where  <50,;  is  the  phase  difference  across  the  junction  inter¬ 
face  and 


Various  mechanisms  have  been  proposed  as  the  origin  of 
the  TT-junction.  Of  particular  interest  is  the  possibility  that  a 
TT -junction  can  be  made  between  two  unconventional  super¬ 
conductors  such  as  heavy-fermion  systems(12)  and  d-wave 
cuprates(14)  in  which  the  gap  function  has  lobes  and  nodes. 
In  the  following,  the  ground  state  of  a  superconducting  ring 
interrupted  by  N  rr-junctions  will  be  considered  from  the 
viewpoints  of  flux  quantization  and  free  energy: 

Flux  quantization  As  a  consequence  of  the  singlevalueness 
of  the  pair  wavefunction,  the  fluxoid  in  a  superconducting 
ring,  containing  Josephson  junctions  or  not,  is  always  quan¬ 
tized  as  an  integral  multiple  of  the  flux  quantum,  n^Q  {n  is 
an  integer  4>o  =  ^  =  2.07  x  10"’Gcm^).  In  the  case  of  a 
superconducting  ring  with  N  rr-junctions,  it  is  shown  that 
the  flux  quantization  can  be  described  as  follows  [5]: 

,  /j  =  0, 1, 2, ... 

if  N  is  an  even  number  ^  ^ 

$  =  (n+i)$o  .  n  =  0, 1,2,... 

if  N  is  an  odd  number,  and 
I  /c  I  L  »  00,  where  L  is  ^  ^ 

the  self-inductance  of  the  ring. 

From  Eq.  (7)  and  (8),  the  ground  state  of  the  ring  containing 
N  rr-junctions  corresponds  to  zero  flux  quantum  state  if 
V  =  0, 2, ...  and  to  a  half-integer  flux  quantum  state  if  N  - 
1,3,... 

Free  energy  Based  on  free  energy  considerations,  Sigrist 
and  Rice[14],  and  others  [12]  showed  that  the  ground  state 
of  a  ring  with  one  rr-j unction  results  in  a  spontaneously 
generated  supercurrent,  4  =  The  free  energy  of  such 

a  ring  can  be  expressed  as  a  function  of  the  circulating 
current  I  in  the  ring  and  the  externally  applied  flux 

U(l  =  \Lfi  -  (1^)  cos  +  <t>j)  (9) 

In  the  case  of  a  rr-ring  (i.e.  0y  =  rr),  minimization  of  U 
and  the  condition  of  =  0  lead  to  a  doubly  -  degenerated 
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Fig.  1.  Free  energy  of  a  superconducting  ring  with  (a)  one  n  - 
junction,  or  (b)  one  0-junction  as  a  function  of  the  amount  of 
flux  ^  =  L/  in  the  ring,  (where  L  =  lOOpH,  is  the  self-inductance 
of  the  ring  and  I  is  the  circulating  current). 


ai2(deg) 

Fig.  2.  (a)  A  schematic  illustrates  the  general  geometrical  config¬ 
uration  of  a  tricrystal,  (b)  Based  on  the  clean  limit  of  Sigrist  and 
Rice  for  d-wave  pairing  symmetry,  a  plot  shows  regions  of  the 
tricrystal  design  parameters  corresponding  to  integer  (shaded)  and 
half-integer  (open)  flux  quantization.  The  solid  and  open  circles 
show  the  design  parameters  for  the  rr-ring  and  0-ring  tricrystal 
samples  used  in  the  present  work  respectively. 


ground  state  with  a  spontaneous  magnetization  of  I.L  - 
±|4)o  threading  through  the  ring  (Fig.  la),  provided  that 
IcL  »  ^0,  a  condition  that  assures  that  the  cost  of  magnetic 
energy  due  to  the  circulating  current  I,  is  well-compensated 
by  the  gain  in  Josephson  energy.  When  this  condition  is 
relaxed,  the  minimum  of  the  free  energy  U  deviates  from  its 
asymptotical  value  of  as  |  4  |  of  the  junction  decreases. 
In  sharp  contrast,  a  ring  with  one  0-junction  exhibits  the 
conventional  integer  flux  quantization  and  its  ground  state 
corresponds  to  a  zero  flux  quantum  state  of  the  ring  (Fig. 
lb). 

The  extension  of  the  above  treatment  to  the  more  general 
case  of  a  ring  containing  any  odd  number  of  ir-junctions 
is  not  straight  forward.  Sigrist  and  Rice  [14]  suggested  that 
such  a  system  should  exhibit  half-integer  flux  quantization 
4>  =  («-)- 1  )<i>o  and  with  a  spontaneous  magnetization  of  half 
flux  quantum  in  the  ground  state.  This  is  definitely  consis¬ 
tent  with  the  conclusion  drawn  from  the  flux  quantization 
consideration  discussed  earlier.  [5] 


2.2.  The  Design  of  the  Experiment 

It  is  clear  from  the  previous  discussions  that,  to  detect  an 
unconventional  (non  s-wave)  pairing  symmetry  in  cuprates, 
one  needs  to  make  cuprate  rings  containing  an  odd  number 
(at  least  one)  of  rr-junctions.  And  the  relative  orientation 
of  the  junction  electrodes  can  be  varied  systematically  from 
ring  to  ring.  The  presence  or  absence  of  the  half-integer 
flux  quantum  effect  in  such  rings  can  be  used  then  as  a 
probe  of  pairing  symmetry.  For  this  purpose,  a  tricrystal 
(100)  SrTiOa  substrate  was  designed  for  depositing  epitaxial 
cuprate  films  and  for  making  a  ring  centered  at  the  tricrystal 
meeting  point,  which  is  interrupted  by  the  grain  boundaries 
three  times.  As  defined  in  Fig.  2a,  the  misorientation  angles 
a  12,  aai  and  the  angle  between  the  grain  boundary  planes 
(^)  are  chosen  to  ensure  that  the  sign  of  the  supercurrent  in 
the  3-junction  ring  is  negative  as  required  by  a  certain  pair 
state.  For  example,  the  Sigrist-Rice  formula  can  be  used  for 
testing  d-wave  pairing  symmetry: 
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Fig.  3.  The  same  as  Fig.  2(b)  except  for  the  case  of  maximum 
disorder  at  the  junction  interface. 

rj  -  cos  lOiCoslOj)  sin  (5<t>i j)  (1 0) 

where  0/  and  6 j  are  angles  of  the  crystallographic  axes  (100) 
in  the  grains  i  and  j  with  respect  to  the  junction  interface 
GBij,  The  product  of  the  signs  of  the  critical  currents  of  the 
grain  boundary  junctions  in  the  ring  determines  whether  it 
will  be  a  0-ring  (positive  sign)  with  conventional  integer  flux 
quantization,  or  a  rr-ring  (negative  sign)  with  half  integer 
flux  quantization.  If  one  assumes  that  =  y  -  a3i  for 
simplicity,  the  sign  of  the  supercurrent  in  a  3-junction  ring 
enclosing  the  tricrystal  meeting  point  based  on  Eq.  (10)  is 
given  by  the  sign  of  cos 2(0(12  +  ^)cos2(o(i2  -  ^).  In  Fig. 
2b  the  design  parameters  {an,  P)  corresponding  to  the  n- 
ring  designs  are  plotted  as  open  areas  while  those  for  the  0- 
ring  configuration  are  shown  in  the  shaded  areas.  The  geo¬ 
metrical  configuration  for  a  tricrystal  (100)  SrTiOa  substrate 
is  schematically  shown  in  Fig.  2a.  The  design  parameters 
{(Xn  =  30°,  0(31  =  60°,  ^  =  60°)  for  a  tricrystal  experiment 
to  test  the  d-wave  pairing  symmetry  are  indicated  by  a  solid 
dot  in  Fig.  2b. 

To  ensure  that  this  tricrystal  design  is  indeed  a  valid  test 
of  d-wave  pairing  symmetry,  the  following  aspects  of  the 
experiment  are  also  considered: 

2.2.1.  The  effect  of  disorder  at  the  junction  interface: 

The  magnitude  and  the  sign  of  the  pair  tunneling  current 
across  a  Josephson  weak  link  (such  as  a  grain  boundary 
junction)  between  two  unconventional  (non  s-wave)  super¬ 
conductors  i  and  j  are  determined  by  the  product  of  the 
projections  of  the  k-dependent  pair  wavefunctions  onto  the 
normal  to  the  junction  interface  («/  and  hj)  .  [14] 


fj  (11) 

As  a  consequence,  the  presence  of  any  disorder  at  the  grain 
boundary  can  significantly  alter  the  outcome  of  the  tricrys- 
tal  ring  experiment.  Unfortunately,  the  Sigrist-Rice  formula, 
on  which  the  design  of  the  tricrystal  substrate  is  based,  im¬ 
plicitly  assumes  that  the  junction  interface  is  smooth  and 
without  any  disorder.  Experimentally,  it  is  well-established 
that  grain  boundaries  in  high-Tc  cuprates  are  inhomoge¬ 
neous  and  meandering,  very  much  depending  on  the  film 
growth  conditions  [15].  Furthermore,  impurities,  strain,  oxy¬ 
gen  deficiency... etc,  at  the  boundaries  all  represent  signifi¬ 
cant  deviations  from  the  Sigrist-Rice  clean  limit.  To  model 
these  disorder  effects,  a  maximum  disorder  formula  for 
is  derived[5]  by  allowing  a  distribution  of  angular  devia¬ 
tions  at  the  junction  interface  and  by  recognizing  the  fact 
that,  due  to  the  four-fold  symmetry  of  a  square  lattice,  the 
maximum  angle  of  deviation  is  7r/4: 

rJ  =  If  cos  KOi  +  Oj)  sin  54>ij  (12) 

The  corresponding  design  parameter  regions  for  the  d-wave 
0-  and  TT-ring  configurations  in  the  dirty  limit  are  presented 
in  Fig.  3.  The  design  parameters  of  the  tricrystal  substrate 
used  in  this  work,  represented  by  the  solid  circle  in  the 
figure,  are  well-within  the  bounds  of  the  rr-ring  geometry. 

In  short,  the  tricrystal  ring  design  for  d-wave  pairing  sym¬ 
metry  should  exhibit  spontaneous  magnetization  of  in 
its  ground  state,  regardless  of  whether  the  junction  interface 
is  in  the  clean  or  dirty  limit. 

2.2.2.  The  twinning  effect 

Due  to  the  in-plane  anisotropy  in  the  Cu02  planes,  twin¬ 
ning  is  known  to  exist  in  high-T^.  cuprate  superconductors 
such  as  the  Bi2212  and  YBCO  systems.  The  fact  that  twin¬ 
ning  does  not  contribute  significantly  to  the  current-carrying 
capability  in  these  superconductors  suggests  that  twinning 
boundaries  do  not  act  as  Josephson  weak  links  nor  as  strong 
flux  pinning  centers.  Therefore,  twinning  should  not  play  an 
important  role  in  the  tricrystal  ring  experiment.  However, 
the  presence  of  twins  does  result  in  sign  switch  of  the  lobes 
in  the  gap  functions  from  one  twin  domain  to  the  next.  Such 
twinning  effect  on  the  sign  of  the  3-junction  ring  experi¬ 
ment  can  be  calculated  in  a  straightforward  manner.  Based 
on  the  Sigrist-Rice  and  the  maximum  disorder  formula  Eq. 
(10)  and  (12),  one  can  calculate  the  effect  of  twinning  on 
the  sign  of  the  supercurrent  in  the  tricrystal  ring  made  from 
the  epitaxial  film  deposited  on  the  SrTiOa substrate  shown 
in  Fig.  2a.  The  result  of  the  calculations  for  all  eight  possi¬ 
ble  twinning  configurations  is  that  the  Josephson  current  of 
at  least  one  or  all  three  grain  boundary  junctions  in  the  ring 
will  be  negative.  In  other  words,  the  rr-ring  behavior  based 
on  this  tricrystal  design  will  not  be  affected  by  twinning. 

2.2.3.  The  IV-characteristics  of  the  grain-boundary  junctions 

The  theoretical  considerations  presented  in  the  last  two 

sections  reasonably  assure  us  that  the  tricrystal  ring  design 
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Fig.  4.  The  electrical  resistance  as  a  function  of  temperature,  R(T), 
for  one  of  the  grain  boundary  junctions  in  the  d-wave  tricrystal 
experiment.  The  corresponding  IV-curve  at  4.2K  is  shown  in  the 
inset. 

is  basically  sound  as  a  viable  test  for  d-wave  pairing  sym¬ 
metry.  However,  it  is  also  important  to  check  the  actual  IV- 
characteristics  of  the  grain-boundary  junctions  in  the  ring  to 
ensure  that  (1)  the  IV-characteristic  of  each  grain-boundary 
junction  in  the  ring  is  consistent  with  the  Josephson  weak 
link  behavior,  (2)  the  magnitude  of  4  is  large  enough  that 
the  condition  of  IcL  »  4>o  is  satisfied  for  a  well-defined  mea¬ 
surement  of  the  half-integer  flux  quantization.  For  this  pur¬ 
pose,  bicrystal  strips  were  cut  from  the  tricrystal  substrate 
and  were  placed  next  to  the  remaining  central  piece  of  the 
tricrystal  substrate  for  cuprate  film  deposition.  The  grain 
boundary  junction  made  in  these  bicrystal  side  strips  should 
be  a  close  approximation  to  those  in  the  rings.  As  shown  in 
Fig  4,  the  electrical  resistance  as  a  function  of  temperature, 
R(T),  for  one  of  such  junctions  shows  a  small  shoulder  be¬ 
low  the  sharp  drop  at  Tc  =  90 JK  -  a  feature  typical  of 
a  grain  boundary  weak  link.  The  IV  curve  at  4.2i^  shown 
in  the  inset  displays  a  typical  resistively  shunted  Josephson 
junction  characteristic.  The  critical  current  4  as  measured 
from  the  IV-curve  is  \.%mA  {Jc  -  1.5  x  lO^AjcnP-)  which 
yields  a  IcL  product  of  about  1004>o  (L  -  lOOp/f)-  The  con¬ 
dition  for  observing  |4>o  spontaneous  magnetization  is  thus 
well-satisfied.  Of  interest  to  note,  the  misorientation  angles 
of  the  tricrystal  substrate  used  in  this  study,  are  designed  to 
have  identical  critical  currents  across  the  three  grain  bound¬ 
aries.  Experimental  values  of  Ic  for  the  three  test  junctions 
indicate  indeed  an  agreement  within  20%. 
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Fig.  5.  A  schematic  of  the  tricrystal  geometry  designed  to  test  the 
d-wave  pairing  symmetry  (left).  The  four  YBCO  rings  are  patterned 
using  a  standard  photolithographic  process.  The  inner  diameter, 
width  and  the  center-to-center  distance  are  48  /mi,  10  fim  and  150 
/im  respectively.  Scanning  SQUID  microscope  image  of  the  YBCO 
rings  at  4.2K,  cooled  in  nominal  zero  magnetic  field  (right). 


was  used.  Its  design  and  operation  has  been  described 
elsewhere[I6].  The  microscope  basically  consists  of  a  me¬ 
chanical  scanning  mechanism  and  an  integrated  miniature 
SQUID  magnetometer.  The  SQUID,  made  of  one-micron 
Nb  -AlOx-  Nb  junctions,  and  an  octagonal  pick-up  loop 
(  10/iw  across  with  1.2/tw  linewidth)  structure  are  inte¬ 
grated  on  a  silicon  substrate  with  a  sharpened  tip  which 
is  in  direct  contact  with  the  sample  during  the  scan.  The 
pick  up  loop  is  located  \0^m  from  the  tip  and  the  SQUID 
chip  is  about  20“  inclined  with  the  sample  plane.  The  ra¬ 
tio  of  mutual  inductance  between  loop  and  ring  to  the 
self-inductance  of  the  ring  is  about  0.02,  indicating  that 
there  is  very  small  SQUID  flux  coupling  into  the  ring.  The 
SQUID,  operated  in  flux  locked  mode,  has  a  flux  sensitivity 
of2x  lO'^^o/v'^.  Fig  5b  shows  the  scanning  SQUID  mi¬ 
croscope  image  of  four  epitaxial  YBCO  rings  on  a  tricrystal 
substrate  with  a  d-wave  configuration  as  shown  Fig.  5a. 
Data  were  taken  at  4.2K  and  in  nearly  zero  external  field. 
It  is  clear  that  only  the  tri-junction  ring  has  flux  threading 
through  it,  while  the  two  two-junction  and  zero-junction 
rings  contain  no  flux  at  all.  These  rings  are  visible  because 
of  the  mutual  inductance  coupling  between  the  scanned 
part  of  the  superconducting  ring  and  the  SQUID  pick 
up  loop.  To  determine  quantitatively  the  amount  of  flux 
enclosed  by  the  center  ring,  we  have  used  three  different 
techniques  for  the  calibration  of  the  microscope. 


3.1.  Single  flux  quantum  imaging 


3.  Scanning  SQUID  Microscope  Measurements  and  Results 

To  measure  directly  the  magnetic  flux  threading  through 
the  superconducting  rings  deposited  on  the  tricrystal  sub¬ 
strate,  a  high-resolution  scanning  SQUID  microscope 


One  can  quantitatively  analyze  the  shape  and  magnitude 
of  the  SQUID  image  of  one  of  the  superconducting  vor¬ 
tices  trapped  in  a  superconductor.  Basically  the  single  flux 
quantum  is  used  as  a  point  source  to  image  the  shape  of  the 
pick  up  coil  and  its  lead  structure.  A  best  fit  to  the  SQUID 
sensor  output  yield  a  precise  calibration  of  the  microscope. 
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Fig.  6.  Difference  in  sensor  flux  for  the  sensor  positioned  at  the 
center  of  the  ring  vs  outside  the  ring,  for  all  of  the  rings,  for  the 
d-wave  tricrystal  geometry  shown  in  Fig,  5.  Measurements  of  the 
zero  intercepts  of  the  lines  gives  a  value  of  0.505  ±  0.024>o  flux 
enclosed  in  the  rr-ring  while  the  other  rings  have  0.00  ±  0.014>o. 

3.2.  Magnetic  “oil  drop*  experiment 

One  can  park  the  pick  up  loop  of  the  microscope  in  the 
center  of  the  ring  and  measure  the  SQUID  output  as  a  func¬ 
tion  of  magnetic  field.  A  staircase  pattern  in  the  SQUID 
output  vs.  field  curve  is  always  observed  if  the  external  field 
is  not  too  high.  In  a  small  intermediate  field  range,  the  step 
heights  and  widths  reach  their  minimum  values,  suggesting 
that  single  flux  quanta  are  admitted.  Such  smallest  units 
can  be  used  for  calibration.  Of  course,  there  is  always  the 
possibility  that  the  smallest  step  may  correspond  to  the  en¬ 
tering  of  two  flux  quanta  instead  of  one.  Such  uncertainty 
can  be  removed  by  comparing  the  experimental  values  with 
those  based  on  detailed  but  straight  forward  calculations 
of  the  self  inductances  of  the  rings  and  the  mutual  induc¬ 
tances  between  the  rings  and  the  pick  up  loop  [5].  For  the 
case  of  a  3-junction  YBa2Cu307-5ring,  the  minimum  step 
heights  derived  from  the  experiments  are  =  0.02374>o  , 
in  excellent  agreement  with  the  calculated  value  of  A4>.v  = 
M{0)(t)olL  =  (0.024  ±  0.003)</)o. 

3.3.  Magnetic  field  “titration  technique* 

In  response  to  the  change  of  the  externally  applied  mag¬ 
netic  field,  a  screening  current  is  generated  in  a  super¬ 
conducting  ring.  The  amount  of  flux  threading  through 
the  YBa2Cu307-<srings  can  be  determined  by  running  the 
scanning  SQUID  microscope  line  scans  through  the  cen¬ 


ters  of  the  rings  while  varying  the  external  field  until  the 
SQUID  sensor  signal  inside  the  ring  is  exactly  nullified  by 
the  screening-current  induced  field  [5]  (see  Fig.  6).  The  flux 
originally  enclosed  in  the  ring  is  just  this  field  times  and 
effective  area  of  the  ring.  With  the  effective  area  estimated 
to  be  2642  ±  80/im^,  the  3-junction  ring  in  Fig,  5b  has 
0.505  ±  0.024>o  more  flux  threading  through  it  than  the  0- 
junction,  or  2-junction  rings  (see  Fig.  5b).  Furthermore, 
from  the  data  shown  in  Fig.  5b,  one  can  see  that  the  dif¬ 
ference  in  flux  between  any  of  the  other  rings  on  the  same 
substrate  is  |  54>  |<  0.01<I>o 

It  should  be  mentioned  that  among  the  three  techniques 
just  described,  the  magnetic  field  titration  technique  is  prob¬ 
ably  most  direct,  accurate  and  reliable,  although  these  three 
methods  of  calibrating  the  scanning  SQUID  microscope 
agree  within  10%. 

To  make  definitive  measurements  on  the  ground  state  of 
the  rings,  the  tricrystal  sample  was  cooled  to  4.2K  in  nom¬ 
inal  zero  field.  From  the  results  of  12  separate  cooldowns, 
the  flux  quantization  behavior  of  these  rings  can  be  sum¬ 
marized  as  follows: 

3-junction  ring:  4>  =  ±(n  +  “)4>o 

2-,  0-junction  rings:  -  ±«4>o 

where  the  integers  «  =  0, 1, 2, 3... 

From  these  results,  one  can  conclude  that  spontaneous 
magnetization  of  one  half  magnetic  flux  quantum,  ±|4>o 
has  been  observed  directly  only  in  the  3-junction  ring,  but 
not  in  the  2-  and  0-junction  rings. 

In  addition,  there  are  several  aspects  of  our  experiment 
that  are  worthwhile  to  mention: 

•  Our  recent  experiments  [17]  with  tricrystal  YBCO 
disks,  blanket  films,  rather  than  rings,  clearly  demon¬ 
strate  that  the  half-integer  quantum  effect  is  indepen¬ 
dent  of  the  sample’s  macroscopic  geometry. 

•  Our  d-wave  tricrystal  experiments  with  YBCO  samples 

in  the  forms  of  rings,  disks  and  blanket  films  show  that 
the  half-integer  flux  quantum  effect  is  observed  in  all 
the  cooldowns.  No  exception  has  been  encountered. 
This  remarkable  thermal  stability  at  4.2K  is  probably 
a  consequence  of  the  deep  potential  well  associated 
with  the  doubly-degenerated  (±^4>o)  ground  state  of 
a  TT-shift  configuration.  From  Eq.  9,  the  depth  of  the 
potential  well  is  equal  to  A  critical  current  of 

XpA  corresponds  a  well  depth  of  47K  in  thermal  en¬ 
ergy.  The  values  of  4  for  the  tricrystal  samples  stud¬ 
ied  in  this  work  are  in  the  range  of  10~'*  to  10"^^. 
The  observed  stability  is,  of  course,  not  too  surprising 
because  it  reflects  the  stability  of  the  ground  state.  It 
is  however  a  powerful  testimony  to  the  fact  that  our 
tricrystal  experiment  is  not  sensitive  to  experimental 
complications  such  as  trapped  flux,  thermal  fluctua¬ 
tions  ...  etc. 

•  Trapped  vortices  do  not  constitute  a  problem  in  our 
experiments  because  they  can  be  spotted  easily  by  us- 
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Fig.  7.  A  schematic  of  the  tricrystal  geometry  (left)  designed  to  test 
symmetry-independent  mechanisms  for  the  observed  half-integer 
flux  quantum  effect.  Also  shown  is  the  scanning  SQUID  micro¬ 
scope  image  of  the  four  YBCO  rings  in  this  configuration  at  4.2K, 
cooled  in  nominal  zero  magnetic  field  (right). 

ing  our  scanning  SQUID  microscope. 

•  The  fact  that  the  ratio  of  the  mutual  inductance  be¬ 
tween  the  squid's  pick  up  loop  and  the  ring  to  the 
self-inductance  of  the  ring  is  only  0.02  suggests  very 
little  interaction  between  the  SQUID  sensor  and  the 
sample.  Therefore,  our  experiment  represents  a  truly 
non-invasive  ground  state  measurement. 

4.  FLUX  QUANTIZATION  AND  PAIRING 
SYMMETRY 

4.1.  Origin  of  the  half-integer  flux  quantum  effect: 

From  the  experimental  results  described  so  far,  it  is  clear 
that  half-integer  flux  quantum  effect  in  the  tricrystal  config¬ 
uration  has  been  directly  observed.  The  origin  of  this  effect, 
however,  remains  to  be  elucidated.  The  following  possibili¬ 
ties  will  be  considered: 

4.1.1.  d-wave  pairing 

This  is,  of  course,  a  natural  explanation  for  the  observed 
effect,  because  the  tricrystal  experiment  was  designed  based 
on  the  d-wave  pairing  symmetry  (Eq.  1 .).  An  order  param¬ 
eter  with  d-wave  symmetry  is  indeed  consistent  with  recent 
SQUID  experiments  [18-20]  for  testing  pairing  symmetry 
and  with  many  other  supporting  evidence  [4]  such  as  the 
penetration  depth,  NMR,...etc. 

4.1.2.  Symmetry-independent  mechanisms 

Several  symmetry  independent  mechanisms  have  also 
been  suggested  to  explain  the  observed  nr-junction  effect. 
For  example,  spin-flip  scattering  by  magnetic  impurities  at 
the  tunnel  barrier  [11]  (e.g.  grain  boundary),  or  indirect 
tunneling  via  a  localized  state  (the  electronic  correlation 
effects)  can  also  produce  a  rr-phase-shift  across  the  tunnel 
junction  [13].  Since  these  anodal  mechanisms  are  expected 
to  be  insensitive  to  any  specific  geometry  of  the  tricrystal, 
a  new  tricrystal  has  been  designed,  based  on  the  clean  limit 
and  maximum  disorder  formula  (the  tricrystal  design  pa¬ 
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Fig.  8.  A  schematic  of  the  tricrystal  geometry  (left)  designed  to  test 
the  g-wave  pairing  symmetry.  Also  shown  is  the  scanning  SQUID 
microscope  image  of  the  four  YBCO  rings  in  this  configuration  at 

4.2K,  cooled  in  nominal  zero  magnetic  field  (right). 

rameters  are  denoted  in  Fig.  2b  and  Fig.  3  as  open  circles), 
so  that  half  integer  flux  quantum  effect  will  be  observed 
only  if  the  symmetry  independent  mechanisms  are  in  op¬ 
eration.  The  failure  to  observe  this  effect  in  this  particular 
tricrystal  configuration  (see  Fig.  7)  has  convincingly  ruled 
out  any  symmetry -in  sensitive  mechanisms  including  the 
two  possibilities  mentioned  above. 

4.1.3.  g-wave  pairing: 

The  tricrystal  experiment  based  on  the  design  shown  in 
Fig.  5a  can  not  rule  out  even  parity  states  with  a  gap  param¬ 
eter  varying  as  A(A:)  =  Ao  (cos  kx  +  cos  ky)  oc  cos  46  (termed 
as  g-wave  -  the  simplest  form  of  the  generalized  s-wave  pair 
state  [8]).  To  remove  such  ambiguity,  we  have  designed  a 
new  tricrystal  experiment  (see  the  left  of  Fig.  8)  which  would 
exhibit  a  rr-shift  in  the  3-junction  ring  only  if  the  supercon¬ 
ducting  state  is  of  g-wave  symmetry  (i.e.  8  nodes  instead  of 
the  4  nodes  as  in  the  d-wave  case).  As  shown  in  the  right  of 
Fig.  8,  the  absence  of  the  half-integer  flux  quantum  effect 
in  the  3 -junction  ring  has  eliminated  the  g-wave  pairing  in 
YBCO.  This  experiment  has  been  repeated  three  times,  by 
using  three  such  g-wave  tri crystal  substrates.  The  junction 
quality  of  these  experiments  was  examined  carefully  to  as¬ 
sure  that  the  negative  results  do  represent  a  valid  test  of  the 
g-wave  pairing  symmetry.  It  is  of  interest  to  point  out  that 
the  g-wave  tricrystal  experiment  can  also  be  used  to  rule 
out  any  symmetry-unrelated  mechanisms  for  the  observed 
half-flux  quantum  effect. 

4.1.4.  Pair  state  with  time  reversal  symmetry  breaking 

Certain  theories  of  superconductivity  for  high-Tc 

cuprates  and  heavy-fermion  systems  call  for  time  reversal 
symmetry  breaking  in  the  superconducting  ground  state. 
There  have  been  numerous  suggestions  for  testing  such  ex¬ 
otic  pair  state  [20,21].  Our  tricrystal  experiment  can  serve 
as  a  definitive  probe  for  violation  in  time-reversal  symme¬ 
try  in  cuprate  superconductors  such  as  YBazCusO/-,?.  For 
this  purpose,  one  can  use  the  phase-sensitive  measurements 
of  the  order  parameter  in  three  different  ways: 

•  the  magnitude  of  the  phase-shift: 

A  time  reversal  breaking  order  parameter  of  pair  states 
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such  as  s  +  id  will  preserve  the  4-fold  rotation  sym¬ 
metry  but  will  alter  the  spontaneous  magnetization 
condition  away  from  exactly  ^4>o  by  roughly  the  frac¬ 
tional  portion  that  is  s-wave,  even  if  the  condition 
of  Lie  ^  ^0  is  satisfied.  From  our  measured  val¬ 
ues  of  the  flux  threading  through  the  3 -junction  rings 
(0.490  ±  O.OlS^o)  and  the  0-  and  2-junction  rings 
(0.00  ±  0.01<I>o),  we  can  conclude  that  the  s-wave  com¬ 
ponent  of  an  assumed  s  +  id  symmetry  is  less  than  3% 
in  YBCO.  A  recent  SQUID  experiment  by  Mathai  et 
al.  [20]  also  suggests  time  reversal  invariant  symmetry 
in  YBCO. 

•  degeneracy  of  the  ±54>o  ground  state: 

A  less-than-7T  phase  shift  at  the  nominal  7T-junction 
will  remove  the  degeneracy  of  the  ±^4>o  ground  state. 
In  principle,  if  the  tricrystal  experiment  can  be  per¬ 
formed  in  stable,  near  zero  magnetic  field  condition, 
the  relative  abundance  of  the  observed  +  ^4>o  vs.  - 
states  can  give  information  on  the  amount  of  s-wave 
in  the  s  +  id  state.  Based  on  our  limited  statistics, 
the  population  of  the  ±|4>o  states  is  roughly  equal, 
suggesting  very  little,  if  any,  time  reversal  symmetry 
breaking. 

•  temperature  dependence  of  the  “<I>o  spontaneous  mag¬ 
netization: 

A  violation  of  the  time  reversal  symmetry  can  lead  to 
a  second  phase  transition  below  Tc  [21].  In  principle, 
one  can  find  out  the  exact  temperature  at  which  the 
time  reversal  symmetry  is  broken  by  monitoring  the 
magnitude  of  spontaneous  magnetization  as  a  func¬ 
tion  of  temperature  from  low  temperature  (say  4.2K) 
all  the  way  to  Tc-  Our  recent  success  in  tricrystal  ex¬ 
periments  with  disks  and  blanket  films  [17]  has  made 
such  measurements  using  a  Hall  probe  or  other  mag¬ 
netic  field  sensors  feasible,  because  the  half-integer 
vortices  in  the  non-ring  tricrystal  samples  are  concen¬ 
trated  within  a  dimension  of  the  Josephson  penetra¬ 
tion  depth  a  few  microns  squared). 

4.2.  Complications  associated  with  YBa2Cu307-<5 

So  far,  our  tricrystal  experiments  are  limited  to 
YBa2Cu307_^.  The  structure  of  YBa2Cu307-i5is  charac¬ 
terized  by  two  special  features:  an  orthorhombic  crystal 
structure  (i.e.  in  the  Cu02  planes,  directions  a  and  b  are 
not  equivalent),  and  a  unit  cell  with  two  Cu02  layers. 
Both  of  these  two  structural  characteristics  complicate  the 
determination  of  pairing  symmetry  in  this  material. 

4.2.1.  The  orthorhombic  ejfect 

The  orthorhombicity  of  the  YBCO  structure  has  been  ex¬ 
perimentally  established  as  about  2%.  Electronic  anisotropy 
in  the  Cu02  planes  is,  however,  much  larger.  For  ex¬ 
ample,  anisotropy  in  the  in-plane  resistivity  is  about  2: 
Pa! Ph  ^  2;  the  London  penetration  depth  [22]:  A^/A*  --  2. 
Whether  anisotropy  in  these  electrical  properties  means 


equally  strong  orthorhombic  effect  in  pairing  remains  to  be 
established  experimentally.  From  the  viewpoint  of  crystal 
point  group  symmetry,  orthorhombic  structure  with  its  2- 
fold  rotation  symmetry  is,  of  course,  consistent  with  a  s  + 
d  pairing  symmetry.  A  simple  calculation  of  the  sign  of  the 
supercurrent  for  the  tricrystal  configurations  studied  in  the 
present  work  indicates  that  the  node  line  (A  =  0)  for  the 
assumed  s  +  d  pair  state  is  at  most  14°.  away  from  the  pure 
d  wave  node  line  {0  =  45°).  A  more  systematic  tricrystal 
study  can  place  more  stringent  limits  on  the  s  +  d  pair  state. 

4.2.2.  The  bidayer  effects: 

By  taking  advantage  of  the  existence  of  two  Cu02  planes 
in  the  YBCO  structure,  several  bi-layer  models  [23]  claim 
that  the  pairing  symmetry  is  basically  s-wave  but  have  op¬ 
posite  sign  in  each  layer.  The  experimentally  observed  tt- 
j unction  behavior  can  be  interpreted  as  a  result  of  or¬ 
thorhombic  s-symmetry  instead  of  being  a  strong  evidence 
for  d-wave  pairing.  Other  possible  effects  on  the  pairing 
symmetry  in  YBCO  are  also  proposed  [24]. 

The  resolution  of  these  issues  can  be  best  settled  by  a 
d-wave  tricrystal  experiment  with  a  tetragonal  single-layer 
cuprate  system  such  as  T12201.  Such  work  is  in  progress. 

5.  SUMMARY  AND  CONCLUSIONS 

In  summary,  we  have  designed  and  carried  out  a  tricrys¬ 
tal  experiment  using  macroscopic  quantum  effects,  flux 
quantization  and  pair  tunneling  to  probe  the  microscopic 
internal  structure  of  the  pair  wavefunction  in  high-Tc 
cuprate  superconductors.  Using  a  scanning  SQUID  micro¬ 
scope,  we  have  made  the  first  direct  observation  of  half  flux 
quantum  qround  state  in  controlled-orientation  tricrystal 
YBCO  rings  with  three  grain  boundary  junctions.  By  vary¬ 
ing  the  grain  boundary  and  misorientation  angles,  we  have 
proved  that  the  energy  gap  order  parameter  in  YBCO  has 
nodes  and  lobes  consistent  with  d-wave,  but  not  with  g-wave 
pairing  symmetry.  We  have  also  ruled  out  any  symmetry- 
independent  mechanisms  for  the  half-integer  flux  quantum 
effect.  The  results  of  the  present  work  demonstrate  that  the 
presence  or  absence  of  the  half-integer  flux  quantum  effect 
in  superconducting  systems  containing  multiple-grains  with 
deliberately  designed  orientation  can  be  used  for  probing 
the  phase  of  the  pair  wavefunction.  Future  work  includes 
tricrystal  experiments  with  tetragonal  single-layer  cuprate 
system  T12201,  and  other  cuprate  superconductors  such 
as  Hgl212,  Bi2212,  NdCeCuO  systems  ...  etc.  Of  course, 
heavy-fermion  superconductors  are  also  of  great  interest 
to  study  with  our  technique  using  the  half-integer  flux 
quantum  effect. 
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Abstract— We  report  on  our  efforts  to  understand  the  origin  of  supercurrent  observed  in  c-axis  tunnel 
junctions  on  YBCO  [Sun  A.  G.  et  al,  Fhys.  Rev.  Lett.  72,  2267  (1994).]  by  studying  the  phase  coherence  of 
^j-axis/e-axis  and  i>-axis/c-axis  Pb-YBCO  SQUIDs  and  Josephson  junctions.  We  also  discuss  the  quasiparticle 
tunneling  spectra  measured  in  c-axis  Pb— YBCO  junctions  which  should  give  information  about  the  pairing 
mechanism  responsible  for  high  temperature  superconductivity. 


Much  theoretical  and  experimental  evidence  suggests  that 
the  high  temperature  cuprate  superconductors  have  an  un¬ 
conventional  pairing  state  with  an  anisotropic  order  pa¬ 
rameter.  Phase-sensitive  measurements  have  played  an  im¬ 
portant  role  in  determining  the  symmetry  of  the  order  pa¬ 
rameter,  providing  a  clear  distinction  between  leading  can¬ 
didate  states.  Our  initial  interferometry  experiments,  using 
bimetallic  corner  dc  SQUIDs  and  Josephson  junctions  in 
which  we  found  evidence  for  a  sign  change  of  the  order  pa¬ 
rameter  in  YBCO  between  orthogonal  directions  [2,3],  have 
been  corroborated  by  several  subsequent  experiments  [4-7]. 
However,  a  small  number  of  Josephson  tunneling  experi¬ 
ments  [1,8]  seem  to  contradict  the  d-wave  model.  In  par¬ 
ticular,  the  observation  of  supercurrent  in  c-axis  Pb-YBCO 
junctions  with  excellent  Fraunhofer  diffraction  patterns  [1] 
is  often  cited  as  evidence  against  a  simple  d-wave  model. 

We  propose  an  extension  of  our  SQUID  experiments 
designed  to  understand  the  origin  of  the  c-axis  supercurrent. 
As  shown  in  Fig.  1,  the  strategy  is  to  construct  dc  SQUIDs 
or  corner  junctions  by  connecting  Josephson  junctions  on 
the  c-axis  and  the  a  or  b  axes  of  YBCO  crystals  with  a 
thin  film  of  the  conventional  superconductor  Pb.  Through 
the  phase  coherence  of  these  a-axis/c-axis  and  ^j-axis/c-axis 
SQUIDs  and  Josephson  junctions,  we  hope  to  measure  the 
intrinsic  phase  shifts  of  supercurrent  in  YBCO  between  the 
a  and  c  directions  (5^^)  and  the  b  and  c  directions  {3bc),  and 
compare  them  to  the  phase  shift  of  tt  that  we  have  found 
between  the  a  and  b  directions  {5ab)  [2,3]. 

Since  it  is  generally  believed  that  YBCO  has  a  cylindrical 
Fermi  surface  and  thus  no  density  of  states  in  the  c  direc¬ 
tion,  it  is  likely  that  the  tunneling  process  must  involve  some 
component  of  transverse  momentum.  We  assume  that  tun¬ 
neling  samples  the  in-plane  order  parameter  according  to 
this  small  transverse  momentum.  In  a  simple  d-wave  model, 
the  angular  average  of  equal  magnitude  positive  and  nega¬ 
tive  order  parameter  lobes  is  zero.  Thus,  to  first  order,  no 
supercurrent  would  be  expected  in  a  c-axis  junction  between 
an  s-wave  and  d-wave  superconductor. 


Fig.  1.  Proposed  SQUID  experiments  designed  to  understand  the 
origin  of  supercurrent  in  c-axis  Pb-YBCO  junctions. 


Fig.  2.  a-axis  /  c-axis  and  b-axis  /  c-axis  SQUIDS  for  orthorhombic 
distortion  scenario. 


There  are  several  possible  explanations  for  supercurrent 
in  c-axis  Pb-YBCO  junctions.  The  order  parameter  could 
have  a  component  that  intrinsically  allows  s-wave  coupling. 
One  example  is  a  d-wave  order  parameter  with  an  imagi¬ 
nary  s-wave  component.  Here,  the  angular  average  is  non¬ 
zero  due  to  the  s-wave  component,  but  the  complex  phase 
between  the  s  and  d  components  will  be  seen  in  the  c-axis 
SQUIDs.  For  simplicity,  we  assume  the  positive  lobes  of 
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the  order  parameter  lie  along  the  a-axis,  and  define 
intrinsic  phase  shifts  with  respect  to  the  c-axis  supercur¬ 
rent.  For  a  d  +  is  order  parameter  with  equal  amounts  of 
d  and  s,  an  a-axis/c-axis  SQUID  would  have  a  phase  shift 
of  =  j,  compared  to  a  phase  shift  of  5bc  -  -j  for  b- 
axis/c-axis  SQUIDs.  For  a  non-equal  mixture  of  d  and  s, 
such  as  d  +  ifs,  the  phase  shifts  are  5ac  =  arctan(^)  and 
5  be  =  -arctan(^). 

Another  possibility  is  that  the  c-axis  supercurrent  is  sim¬ 
ply  a  result  of  the  orthorhombidty  of  YBCO,  which  breaks 
the  in-plane  symmetry  of  the  order  parameter.  One  pair  of 
order  parameter  lobes,  for  example  the  positive  lobes  ori¬ 
ented  along  the  a-axis,  can  be  larger  in  magnitude  than  the 
negative  lobes,  causing  a  non-zero  angular  average.  This  can 
occur  in  a  d  +  s  (or  d  +  es)  order  parameter  where  the  nodes 
are  shifted  away  from  45  degrees.  In  this  scenario,  shown 
in  Fig.  2,  an  a-axis/c-axis  SQUID  would  sample  the  same 
sign  of  the  order  parameter  and  would  have  no  intrinsic 
phase  shift,  5ac  =  0.  A  h-axis/c-axis  SQUID,  on  the  other 
hand,  would  have  an  intrinsic  phase  shift  5bc  =  vc.  This  ex¬ 
planation  seems  to  fit  certain  aspects  of  the  data  in  that  the 
IcRn  product  of  twinned  crystals  and  films  is  substantially 
reduced  compared  to  junctions  on  untwinned  crystals  [9]. 

Another  possibility  is  tunneling  preferentially  into  the  a 
and  b  faces  exposed  by  the  etch  which  is  needed  to  pre¬ 
pare  a  fresh  c-axis  surface.  We  find  that  the  standard  1% 
(by  volume)  Br2  in  methanol  etch  is  anisotropic,  creating 
rectangular  etch  pits  with  aspect  ratios  of  2-3  in  untwinned 
regions  of  YBCO  single  crystals.  These  etch  pits  are  always 
elongated  along  the  Z?-axis  so  that  more  a-face  edges  are  ex¬ 
posed.  This  would  result  in  the  same  respective  phase  shifts 
for  c-axis  SQUIDs  as  mentioned  directly  above.  This  ar¬ 
gument  is  plausible  but  not  probable,  since  the  San  Diego 
group  obtains  layer  by  layer  etching  of  the  c-axis  YBCO 
surface  as  characterized  with  a  STM,  with  no  difference  in 
the  amount  of  a  and  b  faces  exposed  [9]. 

Finally,  it  is  possible  to  have  both  an  intrinsic  imaginary 
s-wave  component  of  the  order  parameter  and  orthorhom¬ 
bic  symmetry-breaking.  This  is  equivalent  to  an  order  pa¬ 
rameter  symmetry  of  d  -f-  ce^'^s,  where  the  angle  0  is  depen¬ 
dent  on  the  relative  magnitude  of  the  orthorhombic  distor¬ 
tion  compared  to  the  intrinsic  imaginary  s  component.  In 
this  case,  the  phase  shifts  5ac  and  dbc  would  in  general  be 
different  in  magnitude  and  sign. 

From  an  experimental  standpoint,  the  necessary  first  step 
to  making  SQUIDs  and  measuring  5ac  and  5bc  is  to  obtain 
c-axis  supercurrent.  We  start  with  excellent  YBCO  crystals 
that  have  been  extensively  characterized.  A  junction  is  pre¬ 
pared  by  etching  a  twinned  YBCO  crystal  in  the  standard 
1%  Br2  in  methanol  (or  ethanol)  solution  for  5-15  min,  ex¬ 
posing  a  fresh  c-axis  YBCO  surface  with  shallow  etch  pits 
roughly  10  ^m  x  10  ^min  lateral  size.  The  YBCO  crystal  is 
set  in  polyamide  and  the  junction  areas  are  defined  using  a 
flexible  shadow  mask.  A  diffusion  barrier  [1]  of  10-20  A  of 
Ag  is  thermally  evaporated  followed  by  8000  A  of  Pb.  The 
samples  are  then  mounted  in  a  variable  temperature  cryo- 


Fig.  3.  Conductance  vs  voltage  for  a  Pb-YBCO  c-axis  tunnel 
junction. 


genic  insert  and  quickly  cooled  to  100  K.  The  measurements 
are  taken  in  a  mu-metal  shielded  cryostat  in  a  rf  shielded 
room  down  to  2  K.  Our  junction  sizes  are  roughly  200  ^m 
X  200  /jm,  with  normal  state  resistances,  i?n,  ranging  from 
10-1000  Q  but  generally  20-250  Q.  To  date,  we  have  not 
been  able  to  reproduce  the  c-axis  junction  supercurrent  ob¬ 
served  by  the  San  Diego  group.  Although  we  have  tried  to 
duplicate  their  procedure  [10],  we  do  not  get  as  low  normal 
state  resistances  as  they  report  (0.1  0,-1  D).  Thus  we  specu¬ 
late  that  we  are  limited  by  thermodynamic  noise  rounding, 
or  that  the  IcRn  product  falls  with  increased  Rn. 

On  the  other  hand,  the  junctions  show  good  quasipar¬ 
ticle  tunneling  characteristics.  Tunneling  is  important  be¬ 
cause  it  should  provide  information  about  the  microscopic 
interactions  responsible  for  pairing  in  high  temperature  su¬ 
perconductivity.  The  conductance  as  a  function  of  voltage 
for  a  typical  junction  is  shown  in  Fig.  3  for  several  tem¬ 
peratures.  Following  previous  work  [11]  the  conductance  is 
normalized  to  the  conductance  at  100  mV,  although  the  dy¬ 
namic  resistance  at  100  mV  for  this  junction  only  changed 
from  100  Q  to  95  Q  between  105  K  and  8  K.  The  voltage 
polarity  refers  to  the  YBCO  electrode.  Below  the  Pb  critical 
temperature,  a  Pb  superconducting  gap  appears  along  with 
weak  structure  due  to  Pb  phonons  at  6  and  10  mV.  The  tun¬ 
neling  characteristics  include  very  reproducible  structure  as 
shown  in  Fig.  4  for  four  junctions  measured  at  a  tempera¬ 
ture  of  2  K.  The  normal  state  resistances  of  these  junctions 
ranged  from  50  D  to  250  D.  In  Fig.  5  the  asymmetry  of 
positive  and  negative  voltages  is  shown  for  two  junctions, 
with  most  features  symmetric  in  voltage  except  for  the  peaks 
at  roughly  38  mV  and  -42  mV.  The  junctions  had  leakage 
currents  of  1%  to  2%  at  2  K,  as  seen  in  the  current-voltage 
characteristic  in  Fig.  6. 

In  summary,  we  have  presented  experiments  designed  to 
imderstand  the  origin  of  supercurrent  observed  in  c-axis 
tunnel  junctions  on  YBCO  [1]  by  studying  the  phase  coher¬ 
ence  of  a-axis/c-axis  and  h-axis/c-axis  Pb-YBCO  SQUIDs 
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4.  Conductance  vs  voltage  for  four  4  Pb-YBCO  c-axis  junc¬ 
tions  at  2K. 


and  Josephson  junctions.  We  have  attempted  to  obtain 
c-axis  supercurrent,  as  yet  without  success,  although  we 
do  find  good  tunneling  characteristics  in  Pb-YBCO  c-axis 
junctions. 
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tunnel  junctions,  with  voltage  polarity  as  indicated.  The  top 
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Fig.  6.  Current  vs  voltage  showing  low  leakage  at  2K. 
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Abstract — ^Tunneling  conductance  spectra  were  observed  by  point  contact  junction  of  SIN  on  single  crystals 
of  BSCCO  (2212),  Outside  of  the  definite  gap  structure  edge,  significant  fine  structures  were  observed  almost 
reproducibly  ranging  to  0.2  eV.  The  conductance  derivative  peaks  both  in  positive  and  negative  bias  range 
were  found  in  well  one  by  one  correspondence  with  the  phonon  spectrum  peaks  reported  by  Renker  et  ai 
[1].  Most  of  the  peak  modes  were  attributed  to  the  optical  phonons  due  to  the  oxygen  oscillations  in  and 
around  the  [Cu02]/i  net-plane.  Numerical  computation  in  terms  of  the  Eliashberg  gap  equation  was  carried 
out,  and  the  electron-phonon  coupling  intensity  function  o?F{(X>)  was  elucidated  and  it  turns  out  that  the 
breathing  mode  relating  to  the  polaronic  valence  fluctuations  are  predominant  as  compared  with  the  Big 
mode  regarding  the  spin  correlations. 


Keywords:  Tunneling  spectroscopy,  Bi2Sr2CaCu20^,  Cooper  pairing.  Optical  phonon,  Eliashberg  gap 
equation 


1.  INTRODUCTION 

The  high  Tc  superconductivity  mechanism  still  remains  un¬ 
clear,  especially  how  the  strong  Cooper  pairing  is  achieved, 
and  by  what  kind  of  mediator,  however,  its  signature  should 
appear  in  the  quasiparticle  tunneling  spectrum. 


2.  EXPERIMENT 

NIS  junction  was  prepared  on  cleaved  surface  of  BSCCO 
(2212)  single  crystal  by  SiO;^  thin  layer  deposition  during 
plasma  oxidation  and  Au  tip  contact  press  with  fine  regula¬ 
tion,  so  as  the  junction  resistance  is  several  kO.  This  point 
contact  junction  provided  us  with  a  more  reproducible  ob¬ 
servation  of  the  fine  structure  spectrum  than  the  vacuum 
gap  STS,  because  of  sufficient  tunneling  probability  current 
and  less  probelm  from  mechanical  vibrations  . 


Fig.  1.  Tunneling  d//dF  and  d^//dK^  spectrum  for  BSCCO(2212). 
The  dotted  curve  shows  the  BCS  fit  with  2A=47  meV  and  1=6.1 
meV.  For  comparison  calculated  PDOS  is  cited  from  Ref.  [1]. 


3.  RESULT 

The  observed  conductance  a  —  d//dK  spectrum  is 
shown  in  Fig.  1,  and  one  finds  good  fitting  of  the  in-gap 
structure  by  the  BCS  curve  with  the  broadening  parameter 
r  [2].Beyond  the  gap  edge,  step-like  fine  deviations  from 
the  smooth  curve  is  recognized.  This  fine  steps  brings  peak 


structures  in  da  16V  curve  (see  Fig.  1);  negative  peaks 
in  positive  bias  range  and  vice  versa  [2].  In  terms  of  the 
Eliashberg  gap  equation,  this  antisymmetric  character  in 
peak  structure  is  considered  as  evidence  of  spectrum  reflec¬ 
tion  of  the  quasiparticle  that  mediates  the  Cooper  pairing. 
Similar  kinds  of  the  fine  structure  was  also  observed  at  the 
junction  of  a  break-off  tip  of  the  BSCCO  crystal  contacted 
with  Al  plate  covered  with  Al^O^  barrier  [2]. 
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Fig.  2,  Numerically  computed  electron-phonon  coupling  a^F(co) 
function  from  the  d//dK  data  of  eV<A  +  while  the  or¬ 
dinate  scale  is  rather  sensitive  to  the  computational  conditions. 
Corresponding  phonon  mode  is  denoted  under  the  energy  scale. 


4.  ANALYSIS  AND  CALCULATION 


phonon  assisted  quasiparticle  mediation,  the  phonon  mode 
is  restricted  for  each  specific  quasiparticle;  for  instance  the 
spin  correlation  is  enhanced  by  the  mode,  (32  meV)  and 
the  charge  fluctuation  is  induced  by  the  breathing  mode  (72 
meV).In  Fig.  2,  we  find  a  distinct  peak  of  «^F(co)  at  72 
meV,  but  only  slight  evidence  of  a  peak  at  32  meV.  This  fact 
suggests  that  the  breathing  mode  oscillation  is  more  effec¬ 
tive  to  the  high  Tc  superconductivity  as  compared  with  the 
mode. 
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As  a  likely  Cooper  pair  mediator,  optical  phonons  can 
be  taken  into  consideration,  since  the  oxides  show  strong 
optical  and  polarizable  activities.  For  the  BSCCO  crystal 
structure,  Renker  et  al  [1]  calculated  phonon  mode  oscil¬ 
lations  in  terms  of  a  Born-von  Karman  model,  and  their 
neutron  scattering  experiment  realized  its  peak  structures  in 
generalized  phonon  density  of  states  (PDOS).  Their  calcu¬ 
lated  PDOS  spectrum  is  cited  in  Fig.  1  and  we  find  here  well 
peak  to  peak  correspondence  with  the  observed  d^//dK^  -  V 
curve.  Similar  kinds  of  correspondence  with  the  phonon 
spectrum  have  also  been  reported  by  other  investigators  [3]. 
From  these  facts  it  turns  out  that  phonons  contribute  sub¬ 
stantially  to  the  high  Tc  oxide  superconductivity.  In  order 
to  investigate  which  kinds  of  th  ephonon  mode  are  signifi¬ 
cantly  effective  on  the  high  Tc  Cooper  pairing,  the  electron- 
phonon  coupling  function  (x^F{(v)  was  numerically  com¬ 
puted  in  terms  of  the  Eliashberg  equation  [4]  and  a  result  is 
presented  in  Fig.  2.  Here  the  corresponding  phonon  mode 
to  each  peak  is  assigned  by  the  Renker’s  calculation  [1]  and 
other  informations  by  optical  spectroscopies.  They  are  de¬ 
noted  under  the  energy  scale  of  Fig.  2;  e.g.  (OpICu)  and 
(Oz/Cu)  mean  the  optical  phonons  due  to  0(in-plane)-Cu 
and  0(apicaI)-Cu  bond  stretching  oscillations  and  (CuIOp) 
is  the  acoustic  mode.  Bi^  is  a  well  known  transverse  motion 
of  the  Op  in  the  Cu-O^-Cu  zigzag  bonding. 


5.  DISCUSSION 

From  this  correspondence,  it  turns  out  that  most  of  the  in¬ 
tensity  peaks  in  «^F(co)  come  from  optical  phonon  modes 
due  to  oxygen  oscillations  in  and  around  the  [Cu02]«  net- 
plane,  wherein  the  superconducting  electronic  state  takes 
place.  Accordingly,  the  oxygen  ion  oscillation  has  a  signifi¬ 
cant  role  in  high  Tc  superconductivity,  either  working  alone 
or  coworking  with  other  kinds  of  particles.  In  the  case  of  the 
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Abstract — We  review  the  topographic  and  spectroscopic  results  we  have  obtained  on  cold-cleaved 
YBa2Cu307-x  single  crystals  using  a  low  temperature  scanning  tunneling  microscope.  The  most  important 
feature  is  the  observation  of  CuO  chains  on  the  surface  which  show  modulations  with  a  periodicity  of  about 
three  times  the  unit  cell. 


The  metallic  Cu02  planes  are  widely  believed  to  con¬ 
tain  the  superconducting  condensate  in  the  copper- 
oxide  high-temperature  superconductors.  One  compound, 
YBa2Cu307_x  (YBCO),  has  an  additional  crystallographic 
feature  which  gives  rise  to  a  partially-filled  (and  hence 
potentially  metallic)  band:  the  CuO  chains.  This  one¬ 
dimensional  feature  of  YBCO  is  of  interest  for  two  reasons. 
First,  the  CuO  chains*  electronic  structure  may  serve  to 
obscure  or  modify  the  traditional  signatures  of  supercon¬ 
ductivity  in  the  Cu02  planes.  Second,  the  CuO  chains* 
electronic  structure  may  be  interesting  in  its  own  right.  For 
instance,  far-infrared  spectroscopy  has  recently  detected 
a  superfluid  response  in  the  CuO  chains  which  indicates 
superconductivity  [1] — a  startling  result,  since  the  Cu02 
planes  are  though  to  be  the  sole  possessors  of  supercon¬ 
ductivity. 

We  have  studied  the  CuO  chains  of  YBCO  for  several 
years  using  scanning  tunneling  microscopy  (STM)  and  spec¬ 
troscopy  (STS)  [2-4]. 

In  this  paper,  we  briefly  review  this  line  of  research  to 
set  the  perspective  for  our  more  recent  work,  which  we  are 
preparing  for  publication  [5]. 

To  study  YBCO  by  STM,  it  is  necessary  to  prepare  a 
pristine  sample.  The  only  way  to  do  this  is  to  cleave  YBCO  at 
20  K.  Warming  over  40-50  K  destroys  the  surface,  possibly 
due  to  the  loss  of  the  weakly  bound  CuO-chain  oxygen 
ions  on  or  near  the  surface.  We  have  perfected  a  method 
of  cleaving  single  crystals  of  YBCO  along  a~b  planes.  As 
a  verification  that  they  must  be  cold-cleaved,  we  have  tried 
repeatedly  to  achieve  STM  on  crystals  cleaved  at  60-80  K; 
we  have  never  obtained  CuO-chain  images  (see  below)  on 
these  ‘'hot-cleaved**  crystals. 

Once  a  crystal  is  cleaved,  we  have  several  days  over  which 
to  observe  its  structure:  the  vacuum  inside  our  helium- 
temperature  cryostat  is  very  good;  at  the  very  least  there 
are  no  water  vapor  or  reactive  air  components.  We  observe 
several  types  of  topography  on  such  a  cold-cleaved  crystal. 
Most  importantly,  we  see  images  with  chain-like  features 
separated  by  the  a-direction  lattice  constant;  these  must  be 


attributed  to  the  CuO  chains,  the  only  one-dimensional  fea¬ 
ture  in  YBCO  [2]  The  image  shown  in  Fig.  1,  which  is  not 
previously  published,  shows  these  CuO  chains  and  some  of 
the  features  discussed  in  this  paper.  We  also  see  regions  with 
a  square  lattice  of  atomic  corrugations,  sometimes  littered 
with  disordered  islands;  these  may  be  BaO  or  Cu02  planes 
with  Cu  clusters  [3].  The  cleaved  surface  often  has  many 
steps.  From  the  step-height  distribution,  we  garner  support 
for  our  assignment  of  the  chain-like  features  to  the  CuO 
chain  layer  [2]. 

These  sharp  CuO-chain  images  all  display  several  inter¬ 
esting  topographic  features.  Sometimes  (usually  dependent 
upon  the  tip  quality),  we  observe  atomic  corrugations  along 
the  CuO  chains:  one  atom  per  unit  cell  [3].  The  CuO  chains 
should  have  two,  and  it  is  unclear  whether  it  is  Cu  or  O 
which  is  shown  by  these  images. 

Another  feature  of  the  CuO  chain  images  is  a  several- 
unit-cell-wavelength  electronic  modulation  of  the  CuO 
chains.  These  modulations  reverse  phase  under  bias  rever¬ 
sal,  indicating  that  they  are  electronic  rather  than  topo¬ 
graphic  [3].  This  property  and  the  relation  their  wavelength 
bears  to  the  Fermi  wave  vector  ky  are  consistent  with  a 
charge-density  wave  state  in  the  CuO  chains  [4]  Unfor¬ 
tunately,  these  properties  do  not  provide  a  smoking  gun, 
since  they  may  occur  for  a  broad  class  of  spatial  features 
of  the  Fermi-level  electrons. 

Yet  another  feature  of  the  CuO  chain  images  is  the  occa¬ 
sional  depression  along  the  CuO  chains.  These  depressions 
are  several  nm  in  length,  and  the  electronic  modulations 
discussed  above  are  enhanced  in  the  depressions.  Because 
the  spatial  density  of  these  depressions  closely  matches  that 
expected  from  oxygen  vacancies  in  the  CuO  chains,  we  as¬ 
sign  these  features  to  oxygen  vacancies.  The  reversed-bias 
behavior  of  the  electronic  modulations  near  these  depres¬ 
sions  is  more  complicated  than  away  [3],  indicating  some 
type  of  dispersion  or  other  local  behavior. 

We  have  also  taken  I(V)  curves  which  display  a  20- 
30  meV  gap  (giving  2A/kTc  =  6-8)  [2].  These  curves  were 
obtained  on  a  freshly  cleaved  sample  and  the  current  showed 
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Fig.  1.  STM  image  taken  at  24  K  on  a  surface  of  freshly  cleaved  YBCO.  The  bumps  are  the  modulations  discussed  in  the  text,  while 

the  dark  depressions  are  thought  to  be  due  to  oxygen  vacancies. 


an  exponential  dependence  on  tip-sample  distance  with  a 
work  function  of  1  eV,  indicating  vacuum  tunneling  [2], 
Most  recently,  we  have  used  current-imaging  tunneling 
spectroscopy  (CITS),  a  type  of  STS,  to  study  the  I(V)  be¬ 
havior  of  YBCO  as  a  function  of  position.  Our  new  data 
indicate  that  there  is  an  energy  gap  far  from  the  depressions 
which  is  filled  in  near  the  depressions  [5].  This  data  is  ex¬ 
citing,  but  we  have  not  yet  explained  it  uniquely.  Possible 
candidates  include  a  dynamic  CDW  with  strong  local  pin¬ 
ning  and  proximity-induced  superconductivity  in  the  CuO 
chains  with  local  pair-breaking  at  the  oxygen  vacancies.  This 
data  may  explain  the  lack  of  consistency  in  I(V)  data  for 
YBCO  in  the  literature.  Tunneling  in  different  places  results 
in  different /(F)  curves. 


REFERENCES 


1.  Basov  D.  N.  et  al.,  Phys.  Rev.  Lett.  74,  599  (1995). 

2.  Edwards  H.  L.,  Marker!  J.  T.  and  de  Lozanne  A.  L.,  Phys.  Rev. 
Lett.  69,  2967  (1992). 

3.  Edwards  H.  L.,  Marker!  J.  T.  and  de  Lozanne  A.  L.,  J.  Vac. 
Set  Technol.  B  12,  1886  (1994). 

4.  Edwards  H.  L.,  Barr  A.  L.,  Marker!  J.  T.  and  de  Lozanne  A. 
L.,  Phys.  Rev.  Lett.  73,  1154  (1994). 

5.  Edwards  H.  L.,  Derro  D.  X,  Barr  A.  L.,  Marker!  X  T.  and  de 
Lozanne  A.  L.,  manuscrip!  in  preparation. 


Pergamon 


J.  Phys.  Chem.  Solids  Vol.  56,  No.  12,  pp.  1805-1806,  1995 
1995  Elsevier  Science  Ltd 
Printed  in  Great  Britain 
0022-3697/95  $9.50  +  0.00 


0022-3697(95)00105-0 

USE  OF  CUPRATE  TRICRYSTAL  MICROBRIDGES  AS  PROBES  OF 
SUPERCONDUCTING  PAIRING  STATE  SYMMETRY 

J.  H.  MILLER  Jr.,  Q.  Y  YING,  Z.  G.  ZOU,  J.  H.  XU,  M.  F.  DAVIS  and  N.  Q.  FAN 
Texas  Center  for  Superconductivity  at  the  University  of  Houston,  4800  Calhoun  Road,  Houston,  TX  77204-5932,  U.S.A. 


Abstract — ^We  have  carried  out  field-modulated  critical 
ion-irradiation  YBCO  tricrystal  microbridges  in  order  I 
results  in  the  short  junction  limit  are  consistent  with 
components  of  the  order  parameter. 
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1.  INTRODUCTION 

A  determination  of  th.e  pairing  state  symmetries  of  higli- 
Tc  superconductors  is  one  of  the  paramount  problems  of 
condensed  matter  physics.  Most  experiments  that  directly 
probe  the  pairing  state  symmetry  of  YBCO  using  Josephson 
devices  are  consistent  with  -symmetric  pairing,  with 
little  or  no  imaginary  5- wave  component.  However,  some 
experiments  are  consistent  with  the  existence  of  an  5-wave 
component,  suggesting  that  a  real  mixture  of  large  6?-wave 
and  small  5-wave  components  cannot  be  ruled  out. 

2.  EXPERIMENT 

Our  method  of  probing  superconducting  pairing  state 
symmetry  [1]  is  to  measure  the  field-modulated  critical  cur¬ 
rent  of  a  cuprate  thin  film  microbridge  on  a  SrTiOs  tricrys¬ 
tal  substrate,  as  illustrated  in  Fig.  1 .  The  critical  current  is 
limited  by  the  two  shortest  of  the  three  grain  boundaries 
crossing  the  microbridge.  This  device  is  analogous  to  an  5- 
d  corner  junction,  since  one  of  the  two  short  boundaries 
acts  as  a  tt -junction,  while  the  other  acts  as  a  0-junction,  if 
the  pairing  symmetry  is  d^^-yi.  Our  measurements  provide 
more  information  than  just  the  phase  shift,  and  are  capable 
of  detecting  either  a  complex  or  a  real  mixture  of  5-  and 
i/-wave  components  of  the  order  parameter. 

Two  central  peaks,  of  approximately  equal  height,  are 
observed  in  the  field  modulated  critical  currents  of  frus¬ 
trated  nominally  pure  YBCO  tricrystal  junctions  operating 
in  the  short  junction  limit,  as  shown  in  Fig.  2.  These  results 
are  consistent  with  predominantly  pairing  symmetry 
with  little  or  no  imaginary  s-wave  component.  However,  the 
critical  current  is  nonvanishing  at  zero  field,  consistent  with 
the  existence  of  a  real  mixture  of  large  6?-wave  and  small  5- 
wave  components.  A  pairing  state  with  such  d+  as  symme¬ 
try  is  equivalent  to  a  distorted  (orthorhombic)  d^i^yz  sym¬ 
metric  order  parameter,  which  exhibits  a  sign  change  but 
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Fig.  1.  Frustrated  tricrystal  microbridge,  in  which  the  narrow 

region  is  3  imi  wide  and  the  misorientation  angles  are  30° . 

has  different  magnitudes  along  the  two  principal  symmetry 
directions.  This  behavior  is  consistent  with  the  substantial 
anisotropy  in  the  London  penetration  lengths  along  the  a- 
and  the  Z?-directions.  We  observe  only  a  single  central  peak 
in  the  field-modulated  critical  current  of  an  unfrustrated 
tricrystal  device,  thus  allowing  us  to  rule  out  artifacts  unre¬ 
lated  to  pairing  state  symmetry,  such  as  spin-flip  scattering 
across  the  boundaries  or  corner  demagnetization  effects. 

A  single  peak  is  observed  in  the  field-modulated  critical 
currents  of  frustrated  tricrystal  junctions  operating  in  the 
long  junction  limit.  Theoretical  calculations  [2],  in  which 
a  superconducting  “0  -  rr  junction''  is  modeled  as  a  Sine- 
Gordon  system  with  a  rr-discontinuity  in  the  Josephson 
coupling  energy,  show  that  the  behaviors  of  5-  and  fi?-wave 
superconductors  are  indistinguishable  in  the  long  junction 
limit. 

Experiments  on  cuprate  superconducting  tricrystal  mi¬ 
crobridges  with  a  wide  range  of  critical  temperatures,  includ¬ 
ing  doped  and  ion-irradiated  YBCO,  have  also  been  carried 
out.  The  behaviour  of  a  10%  Pr-doped  YBCO  tricrystal 
device  has  been  found  to  be  essentially  the  same  as  nom¬ 
inally  pure  YBCO  tricrystal  devices.  The  field-modulated 
critical  current  behavior  appears  to  approach  that  expected 
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Fig.  2.  Field-modulated  critical  current  of  a  frustrated  YBCO 
tricrystal  microbridge  operating  in  the  short  junction  limit  at 


r=8  K. 


for  an  ideal  fi?-wave  superconductor  as  the  To  is  suppressed 
in  YBCO  tricrystal  devices  irradiated  with  o£-particles.  In 
particular,  the  ratio  To(H  =  0)/7c(max)  of  the  zero  field 
minimum  to  the  maximum  critical  current  exhibits  an  over¬ 
all  decrease  with  increasing  ion  irradiation.  Some  of  this 
behavior  might  be  attributed  to  the  fact  that  the  tricrystal 
junction  becomes  further  into  the  short  junction  limit  as  the 
Tc  and  Jc  are  reduced.  In  addition,  the  magnitude  of  any 
real  y-wave  component  of  the  order  parameter  might  be  re¬ 
duced  due  to  reduced  orthorhomicity  as  the  number  of  de¬ 
fects  induced  by  irradiation  increases.  However,  this  appar¬ 
ent  overall  decrease  in  5'-wave  component  with  decreasing 
Fcis  not  monotonic,  and  we  observe  an  apparent  increase 
in  the  ratio  A^/A^  (with  decreasing  T^)  in  the  range  55  K 
<  Tc  <  65  K,  which  corresponds  to  the  temperature  range 
of  the  '‘60  K  plateau”  often  observed  in  oxygen-depleted 
YBCO  samples.  We  do  not,  as  of  yet,  have  a  satisfactory 
explanation  for  this  behavior. 
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Abstract — ^To  investigate  the  intrinsic  superconducting  electronic  state  originating  in  the  Cu02  layer,  tunneling 
spectra  were  observed  on  several  cleaved  surfaces  of  BSCCO  single  crystal  by  using  LT-STM/STS.  As 
a  result,  it  was  confirmed  that  two  substantially  different  types  of  superconducting  gap  structures  were 
observable  on  the  cleaved  surface.  One  is  a  definite  gap  structure  v^dth  a  low  conductance  level  near  Ejr,  and 
was  reproducibly  observed  at  some  special  surface  area  not  covered  \vith  a  BiO  atomic  layer.  Another  is  a 
gapless-like  one  usually  observed  on  a  BiO  surface  when  the  STM  tip  approaches  near  enough  to  the  surface. 

Keywords:  Tunneling,  LT-STM/STS,  gap  structure,  BSCCO,  BiO  defect  area 


INTRODUCTION 

Tunneling  is  an  effective  method  to  probe  the  details  of  the 
quasiparticle  density  of  states  near  Ejr  of  high-Tc  super¬ 
conductors  (HTS).  Particularly,  the  micro-spot  observation 
by  using  a  low  temperature  scanning  tunneling  microscope 
and  spectroscope  (LT-STM/STS)  is  the  most  useful  for  HTS 
because  of  HTS’s  imique  layer  structure  composed  of  dif¬ 
ferent  atomic  layers  with  different  electronic  states. 

We  carried  out  tunneling  observations  on  the  fresh 
cleaved  surfaces  of  Bi2Sr2CaCu208+x  (BSCCO)  single 
crystal  by  means  of  a  specially  designed  LT-STM/STS,  and 
could  succeed  in  observation  of  more  intrinsic  gap  struc¬ 
tures  at  some  specific  area  not  covered  with  a  BiO  atomic 
layer. 


EXPERIMENT 

LT-STM/STS  observations  were  carried  out  on  the  clean 
surfaces  of  a  well  grown  BSCCO  crystal  rod  (Tc=81K) 
under  ultra  high  vacuum  (UHV)  conditions  at  T--5K.  The 
clean  surfaces  were  prepared  by  cleavage  under  different 
conditions  as  follows:  [i]m  situ  cleavage  under  UHV  at  low 
temperature  (below  12K),  [ii]cleavage  under  UHV  at  room 
temperature  just  before  observation  and  [hi]  cleavage  in  air 
just  before  introducing  the  specimen  into  the  LT-STM/STS 
apparatus. 


RESULTS  AND  DISCUSSION 

Fig.l  shows  typical  STS  spectrum  patterns  observed  on 
the  cleaved  surfaces.  Through  LT-STM  observations  it  was 
confirmed  that  most  parts  of  the  cleaved  surface  showed 
BiO  atomic  layer  with  characteristic  modulation  structure 
along  the  crystal  b-axis.  The  STS  spectra  observed  on  the 


BiO  surfaces  showed  semiconducting  gap  structures  with 
Eg^  '^O.l  eV  commonly  to  the  cleaved  surface  prepared  by 
[i],  [ii]  and  [hi]  method,  as  shown  in  spectra-A. 

However,  when  the  probe  tip  was  made  close  enough  to 
the  BiO  surface,  superconducting  gap  structure  appeared 
on  the  tunneling  spectrum  as  shown  in  spectra-B  proba¬ 
bly  owing  to  the  contribution  of  the  tunneling  probability 
from  under-layered  CUO2  plane.  Spectra-B  shows  the  V- 
letter  shape  feature  just  predicted  by  d-wave  superconduc¬ 
tivity,  a  feature  of  which  has  been  also  reported  by  many 
investigators  [1].  Hence,  they  considered  the  tunneling  re¬ 
sults  as  evidence  of  the  d-wave  superconductor.  However, it 
must  be  noted  that  most  of  these  gapless-like  spectra  have 
been  observed  at  BiO  surface,  then  the  tunneling  process  to 
the  [Chi02]  superconducting  layer  takes  place  through  the 
non-superconducting  BiO  (and  SrO)  surface  layer.  There¬ 
fore,  we  must  take  into  account  various  extrinsic  effects,  e.g., 
indirect  tunneling  through  the  BiO  localized  states  and  the 
band  edge  bending  of  these  semiconducting  layers. 

Here,  more  direct  tunneling  process  to  the  CUO2  super¬ 
conducting  electronic  state  was  ascribed  as  follows.  We  at¬ 
tempted  to  look  for  a  specific  area  not  covered  with  BiO 
(and  SrO)  layer.  Although  the  detection  of  those  areas  is 
occational,  we  have  succeeded  in  the  detection  by  LT-STM 
and  in  the  observation  of  tunneling  spectra  at  the  area  as 
shown  in  spectra-C.  Here,  Spectra-Cl  and  C2  were  observed 
on  different  cleaved  surfaces  as  follows;  Cl  at  the  cleaved 
surface  prepared  by  the  cleavage  method  of  [ii]  and  C2  by 
the  method  oljiii],  respectively.  Nevertheless,  we  could  repro¬ 
ducibly  observe  almost  similar  gap  structure  all  over  each 
defect  area. 

As  for  the  spectrum  characteristic,  spectra-C  show  sub¬ 
stantially  different  characteristics  from  that  of  spectra-B  in¬ 
side  the  gap  region,  i.e.,  substantially  low  conductance  level 
forming  a  certain  flat  region  near  the  zero-bias  point.  Fur¬ 
thermore,  it  is  interesting  that  the  dotted  lines  extrapolated 
along  both  inner  gap  walls  never  intersect  the  zero  con- 
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SUMMARY 


Fig.  1 .  Typical  spectrum  patterns  observed  on  the  cleaved  surface 
of  BSCCO 

thermore,  it  is  interesting  that  the  dotted  lines  extrapolated 
along  both  inner  gap  walls  never  intersect  the  zero  con¬ 
ductance  level  at  the  zero-bias  point,  as  shown  here.  These 
spectrum  characteristics  wouldn’t  be  explained  simply  by 
using  the  d-wave  theory,  and  rather  indicate  a  considerably 
anisotropic  but  finite  superconducting  gap  state.  However,  it 
is  also  fact  that  there  are  commonly  low  conductance  level 
of  about  5%  at  the  gap  bottom  regions.  It  may  possibly  be 
explained  by  a  little  poor  superconducting  characteristic  of 
the  Cu02  layer  exposed  to  the  specimen  surface,  because 
the  oxygen  decomposition  of  the  unprotected  Cu02  surface 
might  easily  occur  under  UHV  condition  at  room  temper¬ 
ature. 

On  the  other  hand,  we  couldn’t  observe  any  atomic  im¬ 
ages  on  the  defect  areas  by  LT-STM  observation,  while  the 
periodic  atomic  images  could  be  observed  on  the  BiO  area 
right  near  the  defect  area.  This  result  may  indicate  that 
the  defect  surface  corresponds  to  some  metallic  or  disor¬ 
dered  surface  dilferent  from  such  a  semiconducting  surface 
as  the  BiO  surface.  These  experimental  details  were  men¬ 
tioned  elsewhere  [2,3]. 


Tunneling  spectrum  observations  were  carried  out  on  sev¬ 
eral  cleaved  surfaces  of  BSCCO  single  crystal  by  using  LT- 
STM/STS, 

The  gap  spectrum  which  more  directly  reflects  the  Cu02 
superconducting  electronic  state  could  reproducibly  be  ob¬ 
served  all  over  some  specific  area  not  covered  with  a  BiO 
layer.  These  more  intrinsic  spectra  show  substantially  dif¬ 
ferent  characteristics  from  the  gapless-like  one  usually  ob¬ 
served  on  BiO  layers,  and  show  a  definite  gap  region  of 
low  conductance  level.  As  for  the  gapless-like  one,  we  con¬ 
sider  that  it  appears  for  some  extrinsic  reasons,  e.g.,  due  to 
the  tunneling  process  through  the  semiconducting  BiO  (and 
SrO)  layer. 
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Abstract — We  present  measurements  of  the  tunneling  density  of  states  of  ultrathin  Pbo.9Bio.i  films  in  magnetic 
field  that  strongly  suggest  a  field  tuned  superconductor  to  insulator  transition  driven  by  the  suppression  of 
the  superconducting  order  parameter  amplitude. 


Temperature  (K)  Temperature  (K) 


Fig.  1.  Temperature  dependence  of  the  sheet  resistance,  R{T),  and 
ZBC  normalized  to  the  normal  state  in  the  perpendicular  magnetic 
fields  indicated  in  units  of  Tesla. 

A  number  of  groups  have  shown  that  magnetic  fields  can 
induce  a  superconductor  to  insulator  transition  (SIT)  in 
homogeneous  thin  film  superconductors  with  normal  state 
sheet  resistances,  ~  hi 4^  [!]•  A  magnetic  field,  H,  can 
weaken  the  superconducting  state  and  drive  a  SIT  by  in¬ 
ducing  mobile  vortices  that  cause  phase  fluctuations  [1]  and 
by  causing  pairbreaking  that  enhances  amplitude  fluctua¬ 
tions  [2].  Quasiparticle  tunneling  experiments  are  sensitive 
to  the  amplitude  of  the  superconducting  order  parameter 
and  therefore,  can  probe  the  latter  effect.  We  have  performed 
tunneling  measurements  in  magnetic  field  on  ultrathin,  ho¬ 
mogeneous  Pbo.QBio.i  films  that  indicate  that  the  order  pa¬ 
rameter  amplitude  is  substantially  reduced  near  its  field 
tuned  SIT  and  hence,  likely  to  fluctuate. 

An  example  of  a  magnetic  field  tuned  SIT  (H  perpendic¬ 
ular  to  the  film  plane),  that  is  similar  to  that  observed  in 
many  systems  [1],  is  given  in  the  figure.  The  resistive  transi¬ 
tions,  R(  r),  of  a  5  A  thick  Pbo.QBio.  i  film  doped  with  a  slight 
amount  of  Au  (0.4  A)  that  was  quench  condensed  onto  two 
monolayers  of  quench  condensed  Ge  [2]  are  shown.  In  zero 
field,  the  resistive  transition  width  (0.9Rjv-0.1i?jvr)  is  large, 
=^1.2  K,  compared  to  the  transition  midpoint  Tcq  =1.78  K, 
in  agreement  with  expectations  for  a  film  with  such  a  high 
JRjv  [2].  The  transition  widths  increase  significantly  with  in¬ 
creasing  field.  At  a  well  defined  field,  T,  R(T)  be¬ 

comes  nearly  temperature  independent  from  well  above  Tco 


1  Supported  by  ONR  N00014-93-1-0275  and  NSF  DMR-9296192. 


to  a  factor  of  9  below.  At  higher  fields,  R(  T)  exhibits  only 
insulating  behavior,  i.e.  dRjdT  <  0. 

Accompanying  the  transport  data  are  measurements  of 
the  normalized  zero  voltage  bias  conductance  (ZBC)  as  a 
function  of  temperature  of  an  SIN  tunnel  junction  on  the 
same  film.  An  oxidized  A1  cross  strip  underneath  the  Ge 
served  as  the  normal  counterelectrode.  This  junction  fab¬ 
rication  technique  yields  high  quality,  low  leakage  tunnel 
junctions  [3].  The  ZBC  measures  the  density  of  states  within 
±1.75k5  T  of  the  Fermi  energy  relative  to  the  normal  state 
density  of  states.  In  a  BCS  superconductor,  the  tempera¬ 
ture  dependence  of  the  ZBC  changes  discontinuously  when 
the  energy  gap  opens.  As  shown  in  the  figure,  the  ZBC  of 
the  tunnel  junction  at  0.1  T  drops  in  the  vicinity  of  7^. 
The  drop  is  more  gradual  in  this  thin  film  than  in  a  bulk 
superconductor  probably  because  of  the  strong  fluctuation 
effects  alluded  to  above.  Stronger  magnetic  fields  make  the 
drop  more  gradual.  At  the  ZBC  decreases  by  less  than 
20%  from  Tco  to  T/Tco  <0.15. 

The  tunneling  data  show  that  the  quasiparticle  density  of 
states  near  Ep  (within  0.45  K)  is  approximately  80%  of  its 
normal  state  value  and  T I  Tco  =0.15.  This  result 

implies  that  only  a  small  fraction  of  the  electrons  that  form 
pairs  in  zero  field  form  pairs  at  Consequently,  we  suggest 
that  applied  magnetic  fields  drive  the  SIT  in  homogeneous 
Pbo.9Bio.i  films  by  reducing  the  density  of  Cooper  pairs 
below  a  critical  value  necessary  for  the  formation  of  the 
superconducting  state. 
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Abstract — Optical  reflectivity  measurements  have  been  carried  out  on  the  two-  and  one-dimensional  Cu  and 
Ni  oxides,  La2-;cSr;cCu04,  La2-;cSr;cNi04  and  Y2-xCa;cBaNi05  with  focus  on  the  doping-induced  changes. 
In  the  parent  compounds,  the  optical  spectra  are  dominated  by  the  excitations  from  the  02p  valence  band 
to  the  upper  Hubbard  band.  Upon  doping  holes,  the  transfer  of  the  spectral  weight  into  the  low-energy 
excitations  is  commonly  seen  in  these  systems.  However,  the  profile  of  the  transferred  spectral  weight  shows 
remarkable  material  dependence  and  anisotropy.  We  discuss  the  orbital  character  and  the  charge  dynamics 
of  the  holes  doped  into  these  quantum  spin  fluids  based  on  the  experimental  results. 


1.  INTRODUCTION 

It  is  Avell  known  that  the  high-temperature  (Tc)  superconduc¬ 
tivity  takes  place  by  introducing  charge  carriers  into  two- 
dimensional  Cu02  planes.  The  parent  compounds,  such  as 
La2Cu04  and  YBa2Cu306,  are  charge  transfer  (CT)  insula¬ 
tors,  characterized  by  the  02p  to  Cu3dx2-yi  excitation  gap 
with  a  threshold  at  L5-2.0eV  [1].  By  doping  charge  carri¬ 
ers,  the  spectral  intensity  of  the  CT  excitation  is  transferred 
to  lower  energies  below  ~1.0eV,  indicating  that  the  rear¬ 
rangement  of  the  electronic  states  within  Cu02  planes  oc¬ 
curs  by  carrier  doping  [2].  Within  Cu02  planes,  the  doped 
carriers  are  highly  itinerant.  On  the  other  hand,  out-of- 
plane  conduction  is  severely  suppressed  [3],  suggesting  that 
the  electronic  structure  of  the  high-T^  copper  oxides  is  two- 
dimensional. 

Two-dimensionality’  and  ’carrier  doping’  might  be  the 
two  key  words  to  understand  the  electronic  structure  of 
these  copper  oxides.  Besides  the  high-7i  copper  oxides,  there 
exist  many  low-dimensional  transition  metal  (TM)  oxides 
which  satisfy  above  conditions.  For  example,  one  dimen¬ 
sional  NiO  chain  system,  Y2BaNi05,  is  another  candidate 
for  such  study.  Recently  it  has  been  made  clear  that  the  sys¬ 
tem  has  a  finite  gap  for  spin  excitations  [5],  consistent  with 
the  Haldane’s  conjecture  that  integer-valued  spin  chains 
would  exhibit  a  gap  in  the  spin- wave  excitation  spectrum  [6]. 
The  most  interesting  fact  is  that  hole  carriers  can  be  doped 
in  this  system  by  substituting  Y^"^  with  Ca^"^  [7].  This  is  the 
first  case  that  a  Haldane  system  is  successfully  doped  with 
carriers. 

In  order  to  study  the  electronic  structure  of  such 
anisotropic  systems,  the  optical  spectroscopy  is  a  powerful 
tool  since  it  provides  information  on  charge  dynamics  over 
the  wide  energy  scale  along  each  direction.  In  this  paper, 
we  present  the  optical  reflectivity  of  the  following  systems, 
La2-xSr;,Cu04  (2D,S=l/2),  La2-;cSr;cNi04  (2D,  S=l)  and 
Ya-xCa^cBaNiOs 

(ID,  S=l).  Based  on  the  experimental  results,  we  discuss 
the  charge  dynamics  of  the  holes  doped  into  these  quantum 


spin  liquids. 


2.  TWO-DIMENSIONAL  SYSTEMS  -  La2-xSr^Cu04 
AND  La2-xSr^Ni04 

La2-xSrxCu04  and  La2-xSr;cNi04  systems  can  be  re¬ 
garded  as  the  typical  two-dimensional  S=l/2  and  S=1  sys¬ 
tem,  respectively.  In  both  systems,  the  parent  compounds 
are  charge  transfer  insulators.  With  doping  holes,  they  be¬ 
come  metallic  with  x  =  0.05  for  La2-xSr;cCu04  and  x  =  1.0 
for  La2-xSrxNi04. 

The  in-  and  out-of-plane  optical  conductivity  for  both 
systems  calculated  from  the  optical  reflectivity  using  the 
Kramers-Kronig  transformation  are  shown  in  Fig.l.  The 
optical  spectra  of  the  parent  compounds  are  characterized 
by  the  02p-TM3d  CT  excitations.  In  La2Cu04,  the  CT 
excitation  is  seen  in  the  in-plane  spectrum  at  about  2eV, 
In  La2Ni04,  the  CT  gap  is  seen  at  4-5eV  in  both  polar¬ 
izations  reflecting  different  electron  configuration  : 
hole  for  Cu^'*'  and  dx2-y2d2z2-r2  holes  for  NF"*".  By  doping 
holes,  the  in-plane  CT  spectral  weight  becomes  weakened 
and  the  spectral  weight  in  low  energy  region  increases  typ¬ 
ically  below  mid-IR  energy  region.  This  directly  indicates 
that  the  rearrangement  of  the  electronic  states  ranging  up 
to  several  eV  takes  place  by  hole  doping.  Similar  transfer 
of  the  of  the  spectral  weight  has  also  been  observed  by  x- 
ray  absorption  (XAS)  spectroscopy  in  both  systems  [4].  In 
La2-xSr;cCu04,  the  doping  induced  spectral  weight  is  com¬ 
posed  of  a  Drude  peak  centered  at  cu  =  0  and  a  mid-IR 
band.  On  the  other  hand,  in  La2-xSr;cNi04,  the  peaks  of 
the  mid-IR  band  do  not  shift  to  lower  energies  and  a  Drude 
peak  does  not  appear  although  the  mid-IR  band  extends 
down  to  almost  zero  frequency. 

There  exist  distinct  differences  between  in-  and  out-of- 
plane  spectra  for  both  systems.  The  most  apparent  differ¬ 
ence  is  that  the  transferred  spectral  weight  below  ~0.5eV 
is  almost  missing  in  the  out-of-plane  spectra  of  cuprates. 
It  should  be  noted  that  the  rearrangement  of  the  electronic 
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Fig.  1.  In-  and  out-of-plane  optical  conductivity  spectra  of  La2-xSr;cCu04  and  La2-;cSr;cNi04. 


states  is  occurring  also  in  this  direction.  This  is  clear  in  the 
optical  spectra  of  nickelate.  The  CT  spectral  weight  is  trans¬ 
ferred  to  lower  energy  region  with  an  isosbestic  point  at 
4.7eV,  indicating  that  the  low-energy  conductivity  is  induced 
by  the  shift  of  the  spectral  weight  from  the  high-energy 
part.  In  La2-jcSr;cCu04,  the  low-energy  spectral  weight  is 
transferred  from  the  high  energy  region  above  4eV,  probably 
from  Cu3d322_r2  states  hybridized  with  Cu4s  or  4p  states. 
The  out-of-plane  spectral  weight  seems  pinned  at  ~  2.5eV 
in  cuprate  and  at  ~  3.  OeV  in  nickelate,  respectively. 

For  quantitative  discussion,  the  effective  electron 
number  A'jy-y(co)  defined  by  the  formula  = 

Jo^  a(co')^a)'  is  estimated  at  representative  energies 
in  Fig.  2.  As  regards  the  in-plane  optical  spectra,  what 
is  distinct  in  the  cuprates  is  a  very  rapid  transfer  rate  at 
initial  dopings  and  a  subsequent  saturation  seen  already  at 
X  -  0.15.  This  originates  from  a  rapid  development  of  a 
Drude  band  owing  to  distinctively  high  itinerancy  of  the 
doped  carriers  in  the  Cu02  plane.  In  contrast,  the  mid- 
IR  absorption  spectral  weight  increases  almost  linearly  in 
La2-xSrjfNi04. 

In  the  out-of-plane  spectra,  the  low-energy  optical  spec¬ 
tral  weight  is  considerably  suppressed  by  one  order  of  mag¬ 


nitude  compared  with  the  in-plane  ones.  The  spectral  weight 
induced  by  hole  doping  spreads  out  up  to  4  or  5eV.  This  is 
clear  from  the  fact  that  the  integration  should  be  done  up 
to  such  high-energies  in  order  to  fulfill  the  sum  rule. 

In  La2-xSr;tCu04,  the  transferred  spectral  weight  below 
3eV  is  the  same  order  as  the  amount  of  doped  holes  x 
from  the  earlier  stage  of  doping.  However,  the  Drude  part, 
reflecting  the  coherent  motion  of  the  carriers,  is  only  seen  in 
the  overdoped  region  x  >  0.2.  This  suggests  that  there  exists 
a  mechanism  which  suppresses  the  out-of-plane  itinerant 
motion  of  the  carriers  in  low  doping  region. 


3.  ONE  DIMENSIONAL  S=1  SYSTEM  - 
Y2_xCaxBaNi05 

The  charge  transfer  insulator,  Y2BaNi05,  containing 
Ni^"^  chains,  has  been  attracting  much  attention  since  it  is 
the  first  one-dimensional  S=1  system  which  can  be  doped 
with  hole  carriers.  It  has  a  finite  gap  in  the  magnon  spec¬ 
trum,  consistent  with  Haldane's  conjecture.  By  substituting 
Y^"^  by  Ca^"^,  holes  are  doped  into  the  system.  From 
the  viewpoint  of  magnetism,  the  doped  holes  behave  as 
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Fig.  2.  Integrated  spectral  weight  of  in-plane  and  out-of-plane  electronic  contribution  plotted  against  x  in  La2-;cSrxCu04  (a)  and 

La2-;^SrxNi04  (b). 


Fig.  3.  Optical  reflectivity  spectra  of  Y2-;cCaxBaNi05. 


S=l/2  local  spins,  inducing  other  two  S=l/2  spins  at  the 
edge  of  the  broken  Haldane  chains.  The  dc  conductivity 
increases  with  hole  doping  although  it  is  still  of  the  acti¬ 
vation  type.  In  Fig.  3,  we  show  the  reflectivity  spectra  of 
the  Y2-xCa;cBaNi05  for  x  =  0  and  0.2  with  the  light  po¬ 
larization  along  NiO  chains.  In  the  parent  compound,  the 
spectrum  is  characterized  by  a  prominent  reflectivity  peak 
at  4eV,  as  in  La2Ni04.  This  peak  corresponds  to  the  CT  ex¬ 
citation  from  the  02p  valence  to  the  Ni3d  upper  Hubbard 
band.  Upon  doping,  the  CT  excitation  peak  weakens  and 
a  reflectivity  edge  appears  at  l.SeV.  This  behavior  is  similar 
to  that  observed  in  La2-xSr;cNi04.  As  shown  in  Fig. 3  (b), 
the  reflectivity  edge  appears  only  in  the  light  polarization 
along  NiO  chains,  indicating  the  doped  holes  are  confined 
in  the  NiO  chain  direction. 


As  far  as  the  optical  reflectivity  is  concerned,  the  change 
in  the  electronic  state  in  Y2-xCa;cBaNi05  is  analogous  to 
those  in  two-dimensional  Cu  and  Ni  oxides.  It  would  be 
interesting  to  test  whether  the  system  becomes  metallic  with 
further  doping  as  in  the  case  of  the  two-dimensional  Cu 
and  Ni  oxides. 


4.  DISCUSSION 

The  spectral  weight  transfer  induced  by  carrier  doping 
is  a  general  feature  of  doped  CT  insulators,  suggesting  that 
the  doping  redistributes  the  states  which  form  an  upper 
and  lower  Hubbard  band  in  a  parent  insulator.  02p  and 
TM  3d  states  initially  separated  by  a  CT  energy  gap  are 
redistributed  to  form  a  new  band  of  states  in  the  CT  gap 
region.  Along  the  conducting  path,  the  formation  of  the 
new  band  can  be  easily  detected  as  an  appearance  of  the 
reflectivity  edge  at  around  leV.  The  typical  energy  scale  of 
the  new  band  is  '^leV.  Similar  spectral  change  also  takes 
place  in  the  direction  across  the  conducting  path  although 
it  is  less  dramatic.  This  is  because  the  doping-induced  states 
are  distributed  centering  at  high  energies,  typically  3eV  in 
case  of  nickelate.  In  La2-;cSrjcCu04,  the  induced  spectral 
weight  cannot  contribute  to  the  coherent  motions  and  the 
Drude  peak  appears  only  when  the  material  is  overdoped. 
In  the  in-plane  spectrum  the  mid-IR  spectral  weight  rapidly 
softens  and  merges  into  the  Drude  peak  at  6O=0,  suggesting 
its  essentially  two-dimensional  electronic  structure. 


5.  CONCLUSIONS 

The  effect  of  carrier  doping  on  the  low-dimensional  CT 
insulators, 

La2-xSrxCu04,  La2-xSr;cNi04  and  Y2~xCaxBaNi05,  is 
commonly  characterized  by  the  spectral  weight  transfer 
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from  CT  excitation  to  lower  energies.  The  transferred  spec¬ 
tral  feature  shows  strong  polarization  dependence  reflecting 
their  anisotropic  electronic  structure. 
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Abstract — ^We  consider  the  effect  of  gap  nodes  on  the  electrodynamic  response  of  superconductors  in  the 
vortex  state.  We  show  that  for  a  gap  with  line  nodes  it  is  not  possible  to  ignore  the  effect  of  field-induced 
pairbreaking  on  the  electrodynamic  response.  We  describe  measurements  of  both  the  diagonal  and  the  Hall 
components  of  the  resistivity  which  support  this  conclusion. 


1.  INTRODUCTION 

The  high-frequency  electrodynamics  of  cuprate  supercon¬ 
ductors  in  zero  magnetic  field  has  provided  important  infor¬ 
mation  about  the  superconducting  state  [1].  By  measuring 
the  real  and  imaginary  parts  of  the  response,  it  is  possible  to 
determine  both  the  fraction  of  carriers  that  has  condensed 
and  the  scattering  rate  of  the  thermally-excited  quasiparti¬ 
cles.  The  linear  dependence  of  the  condensate  fraction  on 
temperature  that  is  measured  is  consistent  with  a  linear  den¬ 
sity  of  states  and  rf-wave  superconductivity. 

The  change  in  the  electrodynamics  in  an  applied  mag¬ 
netic  field  could  provide  additional  information  about  the 
superconducting  state  and  is  important  in  developing  mi¬ 
crowave  technology  based  on  the  cuprates.  However,  such 
effects  have  been  much  less  well  explored,  both  theoreti¬ 
cally  and  experimentally.  The  physics  is  complex  because 
an  additional  component,  the  vortex,  is  added  to  the  two- 
fluid  system  of  superfluid  and  quasiparticles.  In  addition, 
time-reversal  symmetry  is  broken  so  that  a  complete  mea¬ 
surement  of  the  response  involves  two  complex  parameters, 
such  as  axx  and  axy  or  a+  and  cr-,  rather  than  one. 

In  spite  of  the  challenges,  there  is  growing  interest  in  vor¬ 
tex  state  electrodynamics  over  a  broad  range  of  frequencies. 
Recent  measurements  extend  from  the  few  GHz  regime  to 
the  near-infrared  (approximately  10  THz)  [2-8].  Our  group 
has  reported  direct  measurements  of  the  complex  response 
tensor  in  the  frequency  range  from  100  to  500  GHz  [8].  In 
the  process  of  analyzing  our  results,  we  have  found  evidence 
that  some  time-honored  assumptions  regarding  vortex  state 
dynamics  may  need  re-examination  when  applied  to  cuprate 
superconductors.  The  purpose  of  this  paper  is  to  describe 
some  of  this  evidence  and  to  discuss  a  new  picture  which 


*  Expanded  version  of  a  talk  presented  at  the  Spectroscopies  of  Novel 
Superconductors  Conference  (Stanford,  CA,  March  1995). 


may  provide  a  better  framework  for  understanding  electro¬ 
dynamics  of  cuprates  in  a  magnetic  field. 


2.  VORTEX  DYNAMICS— THE  CONVENTIONAL 
APPROACH 

The  response  functions  in  the  vortex  state  reflect  the  com¬ 
bined  effects  of  vortices,  superfluid,  and  quasiparticles.  To 
find  its  contribution  to  the  resistivity,  the  vortex  is  tradi¬ 
tionally  modeled  as  a  composite  object  subject  to  viscous, 
pinning,  and  Magnus  forces.  This  approach  is  valid  if  the 
energy  of  the  probe  is  small  compared  to  the  intravortex 
excitation  energy.  In  an  5-wave  superconductor  there  is  a 
well-defined  gap  for  internal  excitation  of  the  vortex,  which 
can  be  approximated  using  the  uncertainty  principle:  ~ 

--  A^/£'f,  where  g  is  the  coherence  length,  A  is 
the  superconducting  gap,  and  is  the  Fermi  level.  Since 
the  cuprate  superconductors  have  a  very  short  coherence 
length,  the  corresponding  frequency  would  be  quite  high, 
1  THz.  However,  the  internal  excitation  spectrum  is  not 
necessarily  the  same  with  ^/-wave  pairing.  Since  there  is  no 
gap  for  quasiparticle  excitations  even  with  5  =  0,  we  might 
expect  to  find  the  vortex  state  gapless  as  well.  This  reason¬ 
ing  suggests  that  above  zero  frequency  the  partitioning  of 
the  response  into  super,  normal,  and  vortex  contributions 
may  be  suspect. 

Most  previous  experimenters  have  assumed  in  their  anal¬ 
yses  that  this  partitioning  is  valid,  and,  moreover,  that  all 
changes  in  the  resistivity  when  a  field  is  applied  can  be 
attributed  to  vortices.  Within  this  conventional  approach, 
measurement  of  the  real  and  imaginary  parts  of  the  magne¬ 
toresistance  leads  directly  to  values  for  the  vortex  viscosity 
r?  and  the  pinning  force  constant 
The  conventional  model  makes  the  following  additional 
assumptions:  (1)  Vortex  motion  generates  an  electric  field 
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but  carries  no  current.  This  assumption  leads  to  a  three- 
component  electrodynamics  in  which  the  vortex  resistivity 
is  added  to  that  of  the  super  and  normal  fluids.  This  is 
in  contrast  to  the  two-fluid  model,  where  the  assumption 
of  parallel  current-carrying  channels  leads  to  the  addition 
of  conductivities.  (2)  Vortices  form  a  rigid,  massless  lattice 
whose  dynamics  can  be  described  by  a  restoring  force  k,  a 
viscous  damping  coefficient  r],  and  a  Magnus  parameter  a 
[9].  Balancing  forces  in  equilibrium  yields  the  equation  of 
motion 


r]yi  +  (K/ico)vL  =  («sTrhvs  -  0{Vl)  X  z.  (1) 


Eq.  1  yields  the  vortex  velocity  vl  arising  in  response  to 
the  superfluid  velocity  Vg,  with  Js  =  z  is  the  direction  of 
the  magnetic  field.  This  vortex  motion  generates  an  electric 
field  B  X  Vl  =  Ev  =  Pv Js,  which  yields  a  vortex  resistivity 
tensor 


P 


XX 

V 


-iA; 


p 


z::  Y 

V  —  .Ay 


_ 1  +ia)/r _ 

(1  -h  ico/r)2  -  (ocwIk)^ 

_ (X(X)/K _ 

(1  -h  ico/r)2  -  (awlK)^ 


(2) 


where  Xy  -  (jo4>qBIk  has  dimensions  of  resistivity  and 
4>q  =  hjle  is  the  flux  quantum.  The  characteristic  frequency 
Y  ^  kIt]  separates  the  response  into  two  frequency  regimes. 
In  the  experimentally-observed  limit  where  pxyiPxx  1,  the 
high-frequency  response  is  purely  dissipative,  pxx  -  <poBfrj 
[10].  The  low-frequency  response  is  purely  inductive,  pxx  = 
i<l>oBa)lK. 

When  Pxy  Pxx,  the  real  and  imaginary  parts  of  p  lead 
directly  to  the  values  for  k  and  rj  plotted  in  Fig.  1.  These  re¬ 
sults  were  collected  from  several  experiments  that,  taken  to¬ 
gether,  measure  the  electrodynamic  response  of  YBa2Cu30x 
in  a  range  from  2-500  GHz.  These  phase-sensitive  tech¬ 
niques,  which  distinguish  the  real  and  imaginary  parts  of 
the  response,  were  converted  using  the  above  model  to  val¬ 
ues  for  the  vortex  viscosity  and  pinning  force  constant. 

The  results  for  both  k  and  q  are  problematic.  The  top 
graph,  which  shows  K  vs.  T  for  different  frequencies,  shows 
remarkable  agreement  between  measurements  using  differ¬ 
ent  samples  and  frequency  regimes.  One  might  expect  that 
pinning,  an  extrinsic  parameter,  would  depend  strongly  on 
the  quality  of  the  sample.  However,  despite  the  fact  that 
the  samples  for  which  values  are  plotted  include  single  crys¬ 
tals,  epitaxial  c-axis  films,  and  mixed  a  and  c-axis  films, 
the  values  of  k  obtained  are  quite  close,  within  a  factor 
of  two  at  low  temperatures.  In  contrast  to  the  uniformity 
of  the  measured  values  of  k,  the  values  of  q  vary  widely 
and  are  roughly  inversely-proportional  to  the  measurement 
frequency.  This  variation  is  equivalent  to  the  observation 
that  these  experiments  all  find  that  the  characteristic  vortex 
relaxation  frequency,  Y  -  Klq,  is  within  or  near  the  mea¬ 
surement  frequency  range.  This  behavior  may  be  due  to  a 
scattering  rate  that  is  strongly  dependent  on  frequency,  as 
is  discussed  in  the  following  section. 
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Fig.  1 .  Values  of  k  and  q  inferred  using  phase  sensitive  techniques. 
[4-8]. 


3.  TWO  FLUID  MODEL 

The  model  described  above  assumes  that  the  application 
of  a  magnetic  field  leaves  the  superconducting  condensate 
basically  unchanged.  The  entire  change  in  the  resistivity 
of  the  sample  is  attributed  to  the  harmonic  motion  of  the 
vortex  lattice.  We  consider  now  an  alternative  model  in 
which  the  entire  change  in  the  response  is  attributed  to  the 
depletion  of  superfiuid  condensate.  This  depletion  would 
cause  an  increase  in  the  superfluid  inductance,  since  Ps  - 
vn^wjns^.  It  would  also  cause  a  corresponding  increase  in 
the  finite  frequency  dissipative  response. 

3.1.  S-Wave  Pairing 

Traditionally,  the  depletion  of  the  superfluid  condensate 
in  a  magnetic  field  B  «:  Bc2  is  not  considered  in  the  anal¬ 
ysis  of  the  magnetoresistance.  This  is  because  in  a  super¬ 
conductor  with  an  isotropic  gap,  this  depletion  is  small. 
In  the  two-fluid  model,  the  fractional  superfluid  depletion, 
A«s(5)/«s(0),  is  equal  to  the  fractional  density  of  states  at 
the  Fermi  level,  Yf(5)/Yf,  where  iVp  is  the  normal  state 
density.  This  fractional  density  of  states  is  proportional  to 
the  ratio  of  the  area  occupied  by  vortex  cores  to  the  total 
area  of  the  sample,  so  Nv{B)INv:  =  =  BjBa,  where 

R  is  the  distance  between  vortices.  Because  of  the  short 
coherence  length  of  the  cuprate  superconductors,  this  ef¬ 
fect  would  be  very  small  for  laboratory-scale  fields.  Since  a 
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large  change  in  the  inductance  is  observed,  it  is  commonly 
assumed  in  the  literature  that  the  change  in  the  supercon¬ 
ductor’s  resistivity  when  a  magnetic  field  is  applied  is  en¬ 
tirely  due  to  the  motion  of  vortices.  However,  for  a  gap  with 
nodes,  the  inductance  change  due  to  pairbreaking  could  be 
much  larger. 

3.2.  D-Wave  Pairing 

If  the  gap  has  nodes,  then  the  circulating  current  around 
each  vortex  will  break  more  Cooper  pairs.  Yip  and  Sauls 
[1 1]  showed  that  at  zero  temperature  the  fractional  change 
A«s/«s  =  bsl/vc,  where  Vs  is  the  local  superfluid  velocity, 
Vc  =  Ao/mvp  and  Ao  is  the  maximum  value  of  the  gap. 
Volovik  [12]  showed  that  this  leads  to  a  density  of  states  at 
the  Fermi  level  of  order  in  the  vortex  state. 

3.3.  Dirty  D-  Waye  Pairing 

This  singular  turn  on  at  5  =  0  would  only  be  observed 
in  a  perfectly  clean  sample.  Disorder  complicates  the  field 
dependence  of  the  density  of  states.  In  a  dirty  sample,  the 
behavior  would  be  observed  above  a  crossover  field  5* , 
defined  such  that  Ao(5*  exceeds  an  energy  char¬ 

acterizing  the  transition  from  intrinsic  to  impurity  domi¬ 
nated  excitations.  Below  ,  pairbreaking  should  be  linear 
in  B  with  magnitude  An^/n^  ~  B/B*,  (This  is  analogous 
to  the  penetration  depth  of  YBazCusOx  crystals  in  which 
the  linear  temperature  dependence  is  only  observed  above  a 
crossover  temperature  such  that  kT*  >  [13].)  This  rela¬ 

tionship  between  the  field-dependence  of  the  response  and 
the  characteristic  energy  scales  allows  the  use  of  a  magnetic 
field  as  a  spectroscopic  tool  to  measure  the  density  of  states. 


4.  EXPERIMENTAL  EVIDENCE  FOR  THE  TWO 
FLUID  MODEL 

The  magnitude  of  the  observed  Ap{B)  is  consistent  with 
pairbreaking  playing  a  significant  part.  In  a  clean  ^/-wave 
superconductor,  pairbreaking  leads  to  a  change  in  resis¬ 
tance  ApiB)lp(0)  ~  0.1  for  a  field  of  6T.  In  the 

dirty  limit,  the  size  of  Ap(B)/p(0)  could  be  larger,  depend¬ 
ing  on  the  parameter  B*.  In  Fig,  2  we  plot  the  resistiv¬ 
ity  at  10  K  in  both  zero  field  and  6  T.  The  magnitude 
of  AIm[p{B)]/ lm[p(0)]  --  0.4,  showing  that  pairbreaking 
could  contribute  significantly  to  the  magnetoresistance. 

We  are  in  the  early  stages  of  mapping  the  field  depen¬ 
dence  of  the  magnetoresistance.  We  show  preliminary  mea¬ 
surements  on  Bi2Sr2CaCu20x  and  YBa2Cu30x.  In  Fig.  3 
we  plot  the  magnitude  of  the  resistivity  at  200  GHz  as  a 
function  of  field  up  to  7  T.  The  resistivity  of  YBa2Cu30x 
is  linear  in  5  up  to  7  T.  Bi2Sr2CaCu20x  displays  sublinear 
behavior  which  could  be  explained  by  a  crossover  to  clean 
d-wdwc  behavior. 


frequency  (GHz) 


Fig.  2.  Diagonal  component  of  the  resistivity  at  10  K  plotted  versus 
frequency  for  a  70  nm  YBa2Cu30x  film  on  a  Ce02  on  sapphire 
substrate  with  Tc  =  85  K.  Sample  preparation  is  described  in  [14]. 


Fig.  3.  The  magnitude  of  the  resistivity  plotted  versus  field  for  a 
40  nm  YBa2Cu30x  film  and  a  Bi2Sr2CaCu20x  film.  Both  data 
sets  are  taken  at  temperature  10  K  and  frequency  200  GHz.  The 
sample  preparations  are  described  in  [15]  and  [16]. 

We  can  also  reinterpret  the  results  shown  in  Fig.  1  in 
terms  of  the  two-fluid  model.  When  we  do  so,  we  arrive 
at  an  appealing  explanation  of  the  surprising  results  for 
the  values  of  the  pinning  force  constant  and  the  viscosity. 
As  a  consequence  of  the  finite  density  of  states  at  Ep,  the 
fractional  reduction  in  the  superfluid  density,  A/2s(5)/ns(0), 
will  be  far  greater  than  for  an  .y-wave  superconductor.  The 
reduction  in  n^  corresponds  to  an  increase  in  the  inductivity, 
which  mimics  the  effect  of  pinned  vortex  motion  (see  Eq.  2). 
The  apparent  uniformity  of  k  in  Fig.  1  may  be  due  to  the  fact 
that  the  inductivity  increase  with  B  reflects  pairbreaking, 
rather  than  vortex  pinning. 

The  results  for  rj  also  have  a  natural  interpretation  in 
terms  of  the  two-fluid  model.  The  increase  in  the  normal 
component,  corresponding  to  the  decrease  in  «s,  leads  to 
increased  dissipation  (cti)  above  zero  frequency.  Since  in 
the  vortex  model  with  a  negligible  Hall  effect  q  -  cf^oBai 
(see  Eq.  2),  any  frequency  dependence  of  the  dissipation 
is  reflected  in  /?.  This  frequency  dependence  need  not  take 
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Fig.  4.  Off-diagonal  component  of  the  resistivity  at  10  K  plotted 

versus  frequency  for  the  70  nm  sample  on  sapphire  described  in  Fig.  5.  Real  part  of  the  Hall  resistivity  at  6  T  plotted  versus 
Fig.  2.  temperature  at  150  GHz  and  350  GHz  for  the  70  nm  film  on 

sapphire. 


a  Lorentzian  form,  since  either  a  frequency  dependence  of 
the  scattering  rate  or  the  density  of  states  would  lead  to  a 
non-Lorentzian  form  for  0*1  (co). 


5.  HALL  EFFECT 

Understanding  the  off-diagonal,  or  Hall,  dynamics  in 
the  vortex  state  of  the  cuprates  also  appears  to  require  re¬ 
examination  of  the  conventional  vortex  model.  In  the  model 
described  in  Section  2,  the  Hall  response  is  traced  to  the 
Magnus  force,  parameterized  by  a.  Several  recent  papers 
have  concluded  that,  at  least  at  J  =  0,  a  -  nshl2[\l].  This 
value,  combined  with  the  values  of  k  from  Fig.  1,  predicts 
PxyfApxx  on  the  order  of  unity  over  our  frequency  range. 
This  is  clearly  inconsistent  with  the  data,  as  is  shown  by  a 
comparison  of  Fig.  2  with  Fig.  4,  in  which  pxyi ^Pxx  ~  0.01. 
This  discrepancy  in  magnitude  can  be  accounted  for  if  the 
actual  value  of  k  is  much  larger  than  that  plotted  in  Fig.  1 . 
This  would  be  the  case  if  the  true  value  of  k  was  masked 
by  the  effect  of  superfluid  depletion  in  the  presence  of  a 
magnetic  field,  as  we  have  argued  in  the  previous  section. 

Even  if  the  small  magnitude  of  Pxy  at  low  T  is  explained, 
the  temperature  dependence  and  sign  of  pxy  remain  myste¬ 
rious.  Fig.  5  shows  Repxy  at  two  frequencies,  150  and  350 
GHz,  as  a  function  of  T  below  100  K.  The  temperature 
dependence  is  quite  complex:  the  sign  changes  at  three  tem¬ 
peratures,  twice  near  Tq  and  again  near  20  K.  In  a  previous 
paper  [18]  we  have  associated  the  peak  in  pxy  near  40  K 
with  the  cyclotron  motion  of  thermal  equilibrium  quasipar¬ 
ticles.  However,  this  effect  cannot  account  for  the  Hall  effect 
just  below  Tc  and  for  F  <  20  K.  The  data  seem  to  suggest 
that,  for  some  reason,  the  vortex  Hall  effect  is  opposite  in 
sign  to  the  quasiparticle  Hall  effect  [19].  The  vortex  Hall 
effect  would  dominate  at  temperatures  for  which  the  quasi¬ 
particle  Hall  effect  was  small:  at  high  temperatures  where 
the  quasiparticle  scattering  rate  is  high  and  at  low  tempera¬ 
tures  where  the  number  of  thermally-excited  quasiparticles 


is  small. 
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Abstract — We  review  recent  results  on  the  anomalous  c-axis  optical  conductivity  of  several  high  temperature 
superconductors,  both  double  layer  and  single  layer  materials.  We  find  that  the  double  layer  materials 
are  characterized  by  a  narrow  pseudogap  in  the  normal  state  that  is  also  responsible  for  the  temperature 
dependence  of  the  transport.  In  the  single  layer  material  the  pseudogap  is  much  broader  and  less  well  defined. 
In  the  superconducting  state,  in  both  double  and  single  layer  materials,  there  is  a  transfer  of  spectral  weight 
from  very  high  frequencies  to  the  condensate  delta  function  at  zero  frequency. 


1.  INTRODUCTION 

The  interplane  conductivity  of  the  high  temperature  super¬ 
conductors  is  peculiar  [1].  The  fully  doped  materials  exhibit 
a  metallic  temperature  dependence  but  with  a  high  residual 
resistivity  which  does  not  result  from  impurity  scattering, 
since  samples  from  the  same  source  show  no  sign  of  defect 
scattering  when  the  resistivity  is  measured  in  the  ab -plane 
[2,3].  Furthermore  the  frequency  dependence  of  the  con¬ 
ductivity  of  the  fully  doped  samples  is  Drude-like  with  a 
very  high  scattering  rate,  high  enough  to  correspond  to  a 
mean  free  path  of  less  than  a  lattice  spacing  [4].  This  lack 
of  coherent  conductivity  can  be  understood  in  terms  of  the 
magnetism  of  the  copper  oxygen  planes.  There  is  no  cell-to- 
cell  coherence  in  the  c-  direction  [5]  and  to  transfer  a  hole 
from  one  unit  cell  to  another,  in  that  direction,  it  is  neces¬ 
sary  to  rearrange  the  local  magnetic  structure.  Thus  each 
cell  looks  like  a  defect. 

In  this  brief  review  we  describe  the  results  of  recent  work 
on  the  c-axis  conductivity  of  some  two-layer  materials,  un¬ 
derdoped  YBa2Cu3O6.70  [6,8]  and  YBa2Cu408  [7]  the  dou¬ 
ble  chain  material  that  is  naturally  underdoped.  We  also 
show  recent  results  on  La2-xSrxCu04  [9],  a  single  layer  ma¬ 
terial,  also  slightly  underdoped. 


2.  EXPERIMENTAL  RESULTS 

Figure  1  shows  the  optical  conductivity  in  the  c-direction 
of  an  underdoped  YBa2Cu3O6.70.  A  series  of  strong  phonon 
lines  dominate  the  spectrum.  As  the  temperature  is  lowered 
there  is  reduction  in  the  conductivity  at  low  frequency  but 
the  high  frequency  conductivity  is  temperature  independent. 
The  phonon  structure  in  the  oxygen  mode  region  undergoes 
major  changes  as  a  function  of  temperature.  There  is  a 
transfer  of  spectral  weight  from  the  bridging  oxygen  modes  a 
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Fig.  1 .  The  temperature  dependence  of  the  c-axis  optical  conduc¬ 
tivity  of  YBa2Cu306.6-  The  superconducting  transition  is  at  58  K. 
A  massive  rearrangement  of  spectral  weight  occurs  as  the  temper¬ 
ature  is  lowered:  a  feature  at  «  400  cm“^  grows,  and  the  corre¬ 
spondingly  there  is  a  loss  of  spectral  weight  of  all  the  sharp  phonon 
bands  marked  with  arrows  except  the  lowest  one  corresponding  to 
chain  buckling  modes  —  there  is  no  anomalous  behavior  near 

570  and  610  cm“^  to  a  broad  band  centered  at  400  cm“^ .  The 
plane  buckling  mode  at  310  cm“^  also  loses  spectral  weight 
but  the  chain  mode  at  285  cm“^  is  temperature  independent. 

In  Fig.  2  the  phonons  and  the  broad  line  at  400  cm“^  have 
been  removed  from  the  spectrum.  The  resulting  spectrum  is 
dominated  by  a  gap-like  feature  in  the  200-300  cm“^  range. 
The  feature  deepens  as  the  temperature  is  lowered  towards 
70  K,  just  above  Tc.  The  bottom  of  this  pseudogap  is  flat 
and  the  conductivity  extrapolated  to  zero  frequency  (plot¬ 
ted  in  the  inset)  is  in  excellent  agreement  with  d.c.  transport 
measurements  [10].  It  is  clear  that  the  so-called  semicon¬ 
ducting  behavior  of  the  c-axis  resistivity  in  the  underdoped 
materials  is  due  to  this  pseudogap  and  that  the  conductiv- 
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Fig.  2.  The  optical  conductivity  of  YBa2Cu3O6.70  {Tc=63  K)  along 
the  c-axis  at  295,  150,  110,  70  and  10  K.  Five  strong  phonons, 
and  a  feature  at  »  400  cm"^  (believed  to  be  due  to  phonons)  have 
been  removed.  A  gaplike  feature  develops  in  the  conductivity  near 
room  temperature  deepening  as  the  temperature  is  lowered.  In  the 
superconducting  state  a  further  depression  of  conductivity  takes 
place  but  over  a  much  larger  frequency  range.  The  shaded  rectangle 
shows  the  spectral  weight  under  the  superconducting  condensate. 
Inset:  The  low  frequency  optical  conductivity,  normalized  at  room 
temperature,  as  a  function  of  temperature  shown  as  circles  with 
error  bars.  The  normalized  NMR  Knight  shift  is  also  shown. 

ity  at  high  frequency,  above  400  cm"^  is  temperature  and 
frequency  independent.  The  spectral  weight  missing  from 
the  pseudogap  region  must  go  to  much  higher  frequencies, 
outside  of  our  range  of  accurate  measurements. 

By  evaluating  the  imaginary  part  of  the  conductivity  it 
is  possible  to  calculate  the  area  under  the  superconducting 
delta  function  peak,  shown  as  the  dashed  box  in  Fig.  1.  It 
can  be  seen  that  this  area  corresponds  approximately  to  the 
area  missing  between  the  70  K  curve  and  the  10  K  curve, 
but  this  area  extends  beyond  the  normal  state  pseudogap. 

Figure  3,  lower  panel,  shows  frequency  dependent  c-axis 
conductivity  for  the  double  chain  material  YBa2Cu408  [7]. 
The  normal  state  conductivity  for  this  material  is  of  the 
same  order  of  magnitude  as  the  fully  doped  YBa2Cu306L95 
[6]  and  the  frequency  dependence  has  a  Drude-like  com¬ 
ponent  with  a  scattering  rate  of  approximately  400  cm"^ 
superimposed  on  an  incoherent  background.  Despite  this, 
almost  metallic,  behaviour  the  material  is  underdoped  and 
shows  a  clear  pseudogap  as  the  temperature  is  lowered.  The 
82  K  curve  shows  the  pseudogap  clearly.  In  the  supercon¬ 
ducting  state,  at  10  K,  the  pseudogap  has  deepened  but  the 
most  striking  development  is  the  high  density  superconduct¬ 
ing  condensate,  shown  as  the  shaded  area  at  the  bottom  of 
the  diagram.  It  is  clear  that  the  spectral  weight  for  the  con¬ 
densate  is  coming  from  a  frequency  range  of  the  order  of 
1000  cm"^ 

The  top  panel  of  Fig.  3  shows  the  c-axis  conductivity 
of  La2-xSrxCu04  [9].  Here  the  overall  room  temperature 
conductivity  is  lower  and  the  temperature  dependence  is 
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Fig.  3.  The  c-axis  conductivity  of  the  single-layered  La2-x  Six CUO4 
(top  panel)  and  of  the  double-layered  YBa2Cu408  (bottom  panel) 
at  different  temperatures.  Phonon  peaks  have  been  subtracted  foi 
clarity.  The  dashed  fragments  of  the  spectra  in  the  top  panel 
show  the  frequency  range  where  the  subtraction  of  phonons  has 
considerable  uncertainty.  Dashed  areas  in  both  panels  correspond 
to  area  under  the  superconducting  condensate  determined  from 
the  imaginary  part  of  the  conductivity. 

quite  different  from  the  two-layer  materials.  There  is  ap¬ 
proximately  a  factor  of  two  reduction  in  the  conductivity 
to  low  temperatures  but  the  pseudogap,  if  present,  is  an 
order  of  magnitude  larger  than  in  the  two  layer  materials. 
We  have  been  able  to  isolate  the  destination  of  the  spectral 
weight  by  careful  measurements  on  very  large  samples.  We 
find  that  the  conductivity  is  reduced  up  to  5000  cm"^  but 
increased  between  5000  cm“^  and  8000  cm“^  (1  eV)  and  the 
sum  rule  is  obeyed,  at  all  temperatures,  if  the  conductivity 
is  integrated  up  to  1  eV. 

In  La2-xSrxCu04,  too  there  is  a  further  reduction  in  the 
conductivity  when  the  superconductivity  develops  and  again 
the  spectral  weight  of  the  condensate,  shown  as  the  gray 
area  in  the  top  panes  of  the  figure,  comes  from  a  much 
larger  region  than  3.5kTc  -  S3  cm~^ 

3.  DISCUSSION 

The  pseudogap  observed  in  the  underdoped  two-layer 
cuprates  has  several  unusual  properties.  First,  the  missing 
spectral  weight  does  not  reappear  near  the  gap  frequency 
as  it  does  in  the  case  of  an  spin  density  wave  gap  [13]  or 
as  a  low  frequency  collective  mode  as  seen  in  the  super¬ 
conducting  transition.  The  second  imusual  effect  is  the  lack 
of  temperature  dependence  of  the  gap  frequency.  This  gap 
with  a  value  of  only  2A  =  200  K  persists  to  nearly  room 
temperature  with  out  closing  up  or  broadening  much.  Most 
importantly,  it  is  a  pseudogap  in  the  sense  that  even  at  low¬ 
est  temperatures  there  is  no  region  of  zero  conductivity,  the 
conductivity  remaining  finite  at  all  frequencies  and  temper- 
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atures. 

The  relationship  between  superconductivity  and  the  pseu¬ 
dogap  is  subtle.  It  seems,  more  from  the  higher  resolution 
Knight  shift  measurements  [11]  than  the  optical  conductiv¬ 
ity,  that  the  depth  of  the  pseudogap,  has  an  inflection  point 
at  the  superconducting  Tc  as  if  the  pseudogap  ceased  to  de¬ 
velop  below  this  temperature  [12].  It  seems  that  the  process 
of  transfer  of  spectral  weight  is  arrested  at  Tc. 

Another  possibility  is  that  the  pseudogap  is  associated 
with  lattice  vibrations  in  some  way.  Thus  for  example,  in 
parallel  with  the  gap  in  the  electronic  conductivity,  much 
of  the  spectral  weight  of  oxygen  phonons  corresponding  to 
plane  buckling  and  apical  c-axis  motion  is  shifted  to  a  new 
broad  mode  at  400  cm“^  [14]. 
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Abstract — ^We  propose  a  theoretical  expression  for  the  k-  and  co-dependent  dielectric  function  of  a  stack 
of  two-dimensional  layers  coupled  along  the  direction  perpendicular  to  the  layers,  and  discuss  some  of  its 
properties.  We  argue  that  the  plasma  frequencies  at  A:  =  0  should  correspond  to  those  which  are  experimentally 
obtained  from  optical  measurements  on  e.g.  Lai_jcSr;cCu04  via  the  /-sum  rule  analysis,  regardless  of  the 
fact  that  such  systems  are  strongly  correlated.  We  discuss  some  of  the  ramifications  due  to  strong  anisotropy 
of  the  charge  transport  in  these  systems,  and  the  lack  of  coherence  for  the  transport  in  the  direction 
perpendicular  to  the  layers. 


In  theoretical  discussions  of  the  high-Tc  cuprate  super¬ 
conductors  it  is  usually  emphasized,  that  there  exists  a 
strong  anisotropy  in  the  electrodynamical  properties  be¬ 
tween  the  in-plane  and  out-of-plane  directions.  Usually 
this  anisotropy  is  regarded  as  resulting  from  a  large  mass 
anisotropy  of  the  charge  carriers,  so  that  effectively  nic  :$> 
niab  where  nic  and  niab  are  the  in-plane  and  out-of-plane 
effective  masses.  Ideally  one  prefers  to  use  a  model  dielec¬ 
tric  function  where  these  superconductors  are  treated  as 
a  stack  of  layers  which  are  completely  decoupled  in  the  c 
direction,  which  amounts  to  taking  nic  ^  oo.  Such  mod¬ 
els  are  indicated  as  layered  electron  gas  (LEG)  models. 
An  important  consequence  nic  oo  is,  that  the  plasmon 
dispersion  in  the  long- wavelength  limit  (kd  1  where  k 
is  the  wavevector  and  d  is  the  interlayer  spacing)  is  given 
by  (v{k)lcOab  «  kablyjl<^  +  k^.  For  a  given  finite  value  of 
kc  this  is  an  acoustical  dispersion  as  a  function  of  kat- 
If  we  write  the  dispersion  in  the  form  vo{k)l(jOab  »  sin^, 
where  9  is  the  angle  between  k  and  the  c  axis,  it  becomes 
clear,  that  A  0  is  a  singular  point  in  the  dispersion,  with 
OJc  =  0  for  A  II  c,  whereas  for  A:  X  c  the  plasma  frequency 
is  DOab  =  {Ann^ ImabV^^. 

Indeed  it  is  known  from  optical  measurements  on  cuprates, 
that  with  the  electric  field  oriented  along  the  planes  a  plas¬ 
mon  is  observed  at  around  1  eV  [1-3]  whereas  above  Tc 
there  is  no  zero  crossing  of  Re^c  associated  with  a  free- 
carrier  plasmon  (only  optical  phonons  are  observed)[4-7]. 
In  Fig.  1  we  demonstrate  this  by  plotting  the  energy  loss 
function  (-Iml/e)  for  both  directions  as  obtained  from  our 
optical  experiments.  However,  the  actual  situation  is  more 
complicated  in  two  respects: 

(1)  In  the  normal  state  the  absence  of  the  plasmon  along 
the  c  direction  can  not  be  attributed  to  having  me  oo,  but 
is  rather  due  to  overdamping.  This  can  be  seen  in  the  fol¬ 
lowing  way:  With  finite  damping  e  =  ~  a}^/co(co  +  iy) 

is  the  (optical)  dielectric  function  at  A:  «  0,  so  that  for 
4a)^  <  €ooy^  the  zero  crossings  are  along  the  imaginary 
frequency  axis,  Le.  for  lioo  -  y  ±  {y^  -  On 


the  other  hand,  one  can  use  the  /-sum  rule 

X 

(x)lm€(co)da)  -  (1) 

0 

to  obtain  Wc  from  the  optical  data  by  integrating  the  imag¬ 
inary  part  of  the  dielectric  function  upto  a  suitably  cho¬ 
sen  cutoff  frequency  x  below  the  onset  of  interband  tran¬ 
sitions  (in  practice  such  a  clean  separation  is  not  always 
possible).  In  Fig.  1(c)  we  display  Wp  as  obtained  from  Eq. 
(1)  as  a  function  of  cutoff  frequency  x  along  the  horizon¬ 
tal  axis.  The  step  at  200  cm”^  in  the  c-axis  data,  as  well 
as  a  somewhat  broader  step  at  150  cm"^  in  the  a^-plane 
data  are  phononic  contributions.  After  correction  for  these 
phonon-contributions  we  find  that  the  ratio  of  electronic 
plasma  frequencies  Wabfe^c  drops  from  10  to  4  as  a  func¬ 
tion  of  increasing  cutoff  frequency.  The  ratios  with  (solid 
line)  and  without  (dashed  curve)  correction  for  the  phonon 
contributions  are  displayed  in  Fig.  1(d). 

From  LDA  band  structure  calculations  we  obtained 
(JOcdjjcOc  =  5,  in  good  agreement  with  the  experimental  sum- 
rule  analysis.  By  fitting  the  optical  data  to  a  Drude  model, 
we  obtained  for  the  optical  scattering-rate  that  TablTc>  50, 
which  is  consistent  with  the  DC  conductivity  ratio. 

(2)  In  the  superconducting  state  there  is  a  partial  recov¬ 
ery  of  a  plasmon  in  the  c  direction,  essentially  because  there 
exists  a  finite  probability  for  pair-hopping  in  the  supercon¬ 
ducting  state.  This  is  equivalent  to  having  a  small  but  finite 
critical  current  perpendicular  to  the  layers,  which  has  a  fi¬ 
nite  penetration  depth  associated  with  it.  Using  again  sum 
rule  arguments,  we  expect  that  the  penetration  depth  is  now 
given  by  the  dirty  limit  formula  2TrAc  =  c(3£'gO-c(0)//i)"^/^, 
which  is  determined  by  the  ‘missing  area’  in  the  optical 
conductivity.  The  zero  crossing  of  Ree  occurs  now  at  fre¬ 
quencies  below  the  superconducting  gap,  and  corresponds 
to  a  collective  mode  of  the  superconducting  condensate  at  a 
frequency  Cb\  =  c^/Aje^.  The  ratio  between  this  frequency 
and  the  undamped  normal-state  plasmon  in  the  ab  direc- 
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Fig.  1.  Spectral  functions  of  Lai.9Sro.iCu04  at  room  temperature  for  ab  plane  (solid  curves  except  (d))  and  c  axis  (dotted  curves  except 
(d)).  In  (d)  we  display  Wabl^ic)  obtained  from  Eq.  (1)  with  (solid)  and  without  (dotted)  correction  for  the  phonon-contributions. 


tion  is 

Cb^  _  r eaboofnat  arctan  (2.  ^Egjhy)  1 

OOab  I  eco^mcTXil  J 

The  left  side  of  the  expression  is  50/12000  =  0.009,  whereas 
the  righthand  side  becomes  O.Oll,  assuming  that  Eg  - 
li^SksTc  and  using  the  other  parameters  as  discussed  above. 
Hence  if  we  take  into  account  that  rriclmab  <  40  and  that 
To^/Tc  >  50,  we  obtain  a  consistent  description  of  the 
anisotropies  in  aCO),  the  penetration  depth,  the  screened 
plasma  frequency,  and  the  bare  plasma  frequency  obtained 
from  the  /-sum  rule. 

From  the  above  discussion,  we  may  conclude  that  the 
LEG  model  for  the  anisotropic  dielectric  properties  of  the 
high-Te  cuprates  is  not  realistic.  The  major  flaw  is  the  fact 
that  taking  Wc  is  a  gross  oversimplification.  The  sec¬ 
ond  problem  arises  due  to  the  strong  damping  terms.  Mi¬ 
croscopically  the  anisotropic  damping  is  quite  interesting, 
and  has  been  predicted  as  a  result  of  spin-charge  separa¬ 
tion  [8,9].  To  derive  the  full  k-  and  co -dependent  dielectric 
function  including  the  damping  effects  is  a  very  difficult  the¬ 
oretical  problem.  The  presence  of  strong  anisotropy  makes 
the  solution  of  this  problem  already  quite  formidable  even 
if  the  only  source  of  scattering  is  (elastic)  impurity  scat¬ 
tering,  which  becomes  more  difficult  if  the  damping  has  a 


many-body  origin.  In  this  paper  we  present  a  formula  for 
the  k-  and  co-  dependent  dielectric  function  without  tak¬ 
ing  into  account  damping.  Although  there  is  no  hope  that 
such  an  expression  for  e  gives  a  complete  description  of  the 
optical  properties  or  electron-energy  loss  function  of  high¬ 
ly  cuprates,  the  expressions  are  nevertheless  quite  relevant 
in  the  discussion  of  the  optical  sum  rule.  Even  though  the 
optical  spectral  shape  will  be  very  different  from  that  of 
the  undamped  and  unrenormalized  plasma  poles  discussed 
above,  the  imaginary  part  of  the  dielectric  function  should 
still  obey  Eq.  (1). 

Let  us  extend  the  layered  electron  gas  model  [10,11],  by 
including  a  finite  hopping  between  the  planes.  The  electrons 
are  confined  to  a  stack  of  2D  sheets  a  distance  4  apart, 
coupled  by  a  finite  interlayer  hopping  parameter  t.  The 
dispersion  relation  close  to  the  Fermi-level  is 

Efc  =  Ef  Vfhikw  -  kf)  ltco%{kJc)  (3) 

We  indicate  such  systems  as  a  coupled  layered  electron 
gas  (CLEG).  The  plasmon-dispersion  was  derived  for  such 
a  model  by  Grecu[12]  using  perturbation  theory.  The  bare 
polarization  propagator  for  —  0  and  ^  —  0  can  be 
expressed  as  an  integral  over  the  Fermi  surface 
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Sf 


q  ■  ds 


hco  -  hq  •  v{s) 


(4) 


Using  straightforward  mathematical  manipulations,  the 
full  expression  for  the  k  and  cv  dependent  polarizability 
can  be  easily  obtained.  To  simplify  the  expression  we  intro¬ 
duce  the  effective  velocity  perpendicular  to  the  layers  ^ 
In  calculating  11®  we  use  the  fact  that  the  angular 
averages  of  terms  of  the  type  cos^sin^”'^'*  0  are  all  zero,  so 
that  we  obtain 


n®(<?,co) 


=  2 


kpClu 

47T^hVjrlc 


In  2n 


J  J  CO  -  {Vpqw  cos  (/>  -  Vc^j.  sin  0) 


In  reciprocal  space  the  expression  for  the  Coulomb  in¬ 
teraction  between  electrons  confined  to  an  infinite  stack  of 
5-layers  is  Vq  =  4TT^S\q\~'^ 

where  S  is  the  form-factor  of  the  single  electron 
wavefunctions.  For  5-layers  this  is  S{qlc)  =  *S(a:)  = 
P  sinhUy )  /  { cosh  (xy )  -  cos  ) } . 

The  dielectric  function  as  obtained  from  the  random 
phase  approximation  is  e  =  1  -  v^O®.  In  the  limit  ^  —  0  we 
obtain  the  plasma  frequencies  co^y  = 
and  C0;,jL  =  for  the  directions  of 

propagation  parallel  and  perpendicular  to  the  planes.  In  the 
case  of  LEG  the  dielectric  function  is 


e{q,  o))  =  1  -  25 


(6) 


On  the  other  hand,  from  LDA  band  structure  calcu¬ 
lations  we  obtained,  that  for  doped  La2Cu04  the  ratio 
«  0.2,  from  which  we  conclude  that  the  full 
plasmon-dispersion  formula  should  be  used.  The  CLEG  di¬ 
electric  function  using  the  RPA  approximation  is 


conductivity  for  E  parallel  and  perpendicular  to  the  planes 
becomes  ajj  =  cu^y/4Tr(yy  -  /co). 

Let  us  first  point  out  that  the  above  formula  for  e  con¬ 
tains  two  nontrivial  terms.  In  the  small-^  limit  (where  the 
distinction  between  longitudinal  and  the  transverse  dielec¬ 
tric  functions  disappears),  the  first  term  describes  the  di¬ 
electric  function  for  fields  parallel  to  the  planes,  whereas 
the  second  one  enters  the  description  for  electric  fields  per¬ 
pendicular  to  the  planes.  Although  we  have  not  been  able 
to  give  a  microscopic  justification  hereof,  the  experimental 
results  [4,5,15,1]  indicate  that  the  many-body  effects  affect 
these  two  terms  in  a  very  different  way:  in  the  cuprates  there 
is  a  strong  anisotropy  (of  the  order  of  hundred),  both  in  co^y 
and  in  the  scattering  rate  yy.  In  fact,  the  c-axis  conductivity 
turns  out  to  be  practically  frequency-mdependent,  whereas 
the  in-plane  conductivity  has  a  relatively  small  (but  fre¬ 
quency  dependent)  scattering  rate.  These  phenomena  can¬ 
not  be  explained  from  weak  elastic  or  inelastic  scattering  of 
fermionic  charge  carriers  [16,17],  but  rather  require  charge 
carriers  with  a  renormalization  factor  Z  which  is  very  small 
or  zero.  Anderson  and  coworkers  address  all  these  issues 
within  a  single  framework  of  carrier  confinement  to  the 
planes  due  to  the  formation  of  a  2D  Luttinger  liquid,  with  a 
de-confinement  due  to  the  onset  of  superconductivity  [8,9]. 

As  we  discussed  above,  the  effect  of  finite  scattering  is 
a  quite  formidable  theoretical  problem  yet  to  be  solved. 
However,  from  inspection  of  Eq.  (7),  and  Fig.  2,  we  see 
that  the  first  term  determines  the  dispersion  of  the  plasma 
frequency  with  q\\,  whereas  the  dispersion  with  due  to 
the  second  term  is  relatively  small.  A  simple,  and  somewhat 
crude  ‘shortcut',  which  is  only  valid  for  the  collective-mode 
part  of  the  dielectric  function  (/.e  for  frequencies  outside 
the  particle  hole  continuum),  is  to  replace  each  of  the  two 
terms  with  a  ^-dependent  plasma  pole,  each  of  which  has 
a  different  damping  term.  This  suggests  that  we  can  make 
the  following  approximation  in  the  normal  state 


q)  = 
1- 


IIL 

\q\ 

\q\ 


\  to 


to  / 


a)(co  +  i0+) 


co(co  -h  /0+) 


where  /7®  is  the  function 

TT 

p^{a,  b)  =  —  f  {(1  “  acoscp)^  -  b^}  cos4>d(l> 
TTa  J 


(7) 


(8) 


Let  us  first  consider  the  plasma  dispersion.  In  Fig.  2  we  dis¬ 
play  this  dispersion  for  the  LEG  and  the  CLEG  models.  The 
dispersion  of  the  upper  branch  calculated  with  these  param¬ 
eters  is  in  agreement  with  electron  energy  loss  experiments 
of  high-Tc  cupratcs[13,14].  The  c-axis  plasma  frequency  is 
the  lower  bound  of  a  continuum  of  plasmon  states.  In  the 
limit  ^  0  both  Siqh)  -  1  and  /  1,  and  the  optical 


€(a),q)  ==  1  - 


\q\'^  co[co  +  /rj(?,  co)] 


4Tr/cr^(ca) 


This  approximation  is  consistent  with  our  experimental 
results  at  A:=0.  The  modifications  of  this  function  in  the 
superconducting  state  are  quite  small,  and  require  a  very 
thorough  analysis,  as  in  e.g.  [18,19].  This  dispersion  and  the 
corresponding  loss  functions  could  be  measured  with  eg. 
electron  energy  loss  spectroscopy  or  with  inelastic  X-ray 
scattering. 


CONCLUSIONS 

From  an  analysis  based  on  the  / -sum  rule  we  showed,  that 
the  experimental  values  for  the  anisotropy  in  plasma  fre¬ 
quency  along  and  perpendicular  to  the  planes  is  between  4 
and  10.  We  conclude  that  the  absence  of  a  c-axis  plasmon 
in  the  normal  state  of  high-Tc  cuprate  superconductors  re¬ 
sults  from  a  non-Drude  smearing  of  the  optical  conduc- 
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0  (Jc/2.0)  (7C/2.7C)  (O.Ji)  (0.0)  0  (jt/2.0)  (jc/2.tc)  (O.Jt)  (0.0) 


Momentum  Momentum 

Fig.  2.  Plasmon  dispersion  of  a  layered  electron  gas  (left)  and  that  of  a  coupled  layered  electron  gas  with  coj,/co||  =  0.2.  The 
reciprocal-space  coordinates  are  indicated  as  {q\\lc,qLk]  at  a  number  of  points.  For  the  Fermi  velocity  we  assumed  vpik^w  ~ 


tivity  perpendicular  to  the  Cu02  planes  over  a  very  wide 
energy  range.  This  assignment  alleviates  the  discrepancy  by 
two  orders  of  magnitude  existing  in  the  literature,  between 
the  plasma  frequency  obtained  from  optical  experiments 
and  that  from  the  single-electron  interlayer-hopping  matrix 
element.  We  present  an  analytical  expression  for  the  k  and 
o)  dependent  dielectric  function  for  an  electron  gas,  with 
a  Fermi  surface  in  the  shape  of  a  corrugated  cylinder.  We 
propose  a  phenomenological  extension  of  this  expression, 
to  take  into  account  the  incoherent  nature  of  the  charge 
transport  in  the  c  direction. 
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OXYGEN  DIFFUSION  IN  LASER  HEATED  YBa2Cu307  FILMS 
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Abstract— Phonons  of  laser-deposited  YBaiCmOi  (YBCO7)  films  on  MgO(lOO)  are  investigated  in  a  cali¬ 
brated  Raman  set-up  as  a  function  of  the  power  density  of  the  argon-ion  laser.  While  four  modes  are 
visible  for  low  power  densities  additional  modes  appear  when  the  power  density  is  increased.  These  are  the 
defect-induced  modes  at  230  cm"^  and  585  cm"^  normally  assigned  to  infrared  active  phonons  of  YBCO7-5, 
and  Raman  active  modes  of  the  oxygen-reduced  tetragonal  phase  YBC06.  At  still  higher  power  densities  the 
phonons  of  the  tetragonal  phase  dominate  the  spectra.  We  compare  spot  temperatures  deduced  from  Stokes 
and  anti-Stokes  Raman  spectra  with  those  calculated  from  the  solution  of  the  heat  equation.  By  varying  the 
cryostat  temperature  and  the  ambient  pressure  we  investigate  the  oxygen  out-diffusion  mechanism. 


Keywords:  Raman  spectroscopy,  oxygen  diffusion,  laser  heating. 


1.  INTRODUCTION 

Raman  spectroscopy  has  proven  to  be  a  proper  method 
for  the  determination  of  various  YBC06+;c  film  properties, 
e.g.,  the  chain-oxygen  content  x,  possible  impurity  phases, 
and  the  epitaxial  quality  [1,2],  However,  it  has  been  demon¬ 
strated  that  the  experimental  conditions,  in  particular  the 
power  density,  have  to  be  chosen  with  care  in  order  to  avoid 
a  damage  of  the  sample  during  the  measurement  [3],  The 
heating,  induced  by  the  absorbed  laser  light,  can  lead  to 
a  depletion  of  the  chain-oxygen  content,  as  the  chain  oxy¬ 
gen  0(1)  has  the  highest  mobility  at  a  given  temperature 
[4],  With  the  oxygen  loss  at  the  chain  site  the  electrical 
properties  of  the  sample  deteriorate  as  the  critical  temper¬ 
ature  decreases.  Here  we  present  investigations  of  the  dam¬ 
age  threshold  of  the  power  density  when  a  YBCO7  film  is 
heated  with  the  514  nm  line  of  an  argon-ion  laser  at  dif¬ 
ferent  ambient  temperatures  and  pressures.  In  these  Raman 
experiments  the  laser  serves  the  dual  role  of  heating  and 
investigating  the  sample  simultaneously. 


2.  EXPERIMENTAL 

The  samples  are  mounted  on  the  cold  finger  of  a  he¬ 
lium  cryostat  whose  temperature  To  is  measured  by  a  sili¬ 
con  diode.  The  cryostat  can  be  evacuated  to  residual  pres¬ 
sures  pq  of  10“^  mbar.  Calibrated  and  straylight-corrected 
Raman  spectra  are  taken  in  quasi-backscattering  geome¬ 
try.  Details  of  the  set-up,  the  calibration,  and  the  straylight 
correction  are  given  elsewhere  [3].  The  radii  of  the  laser  fo¬ 
cus  on  the  sample  are  determined  to  be  r;,  =  (6  ±  1)  pm 
and  Tv  =  (11  ±  1)  pm  in  the  horizontal  and  vertical  direc¬ 
tions,  respectively.  Given  the  laser  power  P  on  the  sample 


the  maximum  power  density  Pl  inside  the  Gaussian  spot  is 
=  P/(7rrftrv),  which  we  will  call  the  “power  density”  in 
the  following.  We  investigate  a  c-axis  oriented  YBCO7  film 
on  MgO(lOO)  prepared  by  laser  deposition  [5].  The  film  has 
a  thickness  of  240  nm,  a  critical  temperature  Tcq  =  85.2  K, 
and  a  critical  current  density  jc(llK)  =  4x  10^  Acm“^.  Us¬ 
ing  procedures  described  elsewhere  [3]  we  determined  the 
thermal  boundary  resistance  at  the  film-substrate  interface 
to  be  Rbd  -  (0.5  ±  0. 1)  X  lO'^  Kcm^W"!. 


3.  RESULTS  AND  DISCUSSION 

In  Fig.  1,  we  present  spectra  from  a  Stokes/anti-Stokes 
series  which  were  taken  for  increasing  power  densities.  At 
the  lowest  power  density  we  observe  four  A^  phonons  of 
YBCO7,  i.e.,  the  Ba  mode  at  117  cm“^  the  Cu(2)  mode  at 
151  cm"^  the  Bi^  mode  at  339  cm"^  and  the  apex  oxygen 
0(4)  mode  at  502  cm"^  which  gives  x  =  1  [1].  From  an 
analysis  of  the  polarized  and  depolarized  spectra  at  the  low¬ 
est  power  density  we  determine  the  c-axis  oriented  fraction 
of  the  film  5  =  87  ±  5  %  and  the  in-plane  orientation  of  this 
fraction  gc  =  93  ±  5  %  [2].  In  order  to  obtain  these  infor¬ 
mations  the  spectra  have  been  fitted  using  Fano  profiles  for 
the  Ba  and  the  Bi^  mode,  Loren tz  profiles  for  the  Cu(2)  and 
0(4)  mode,  and  an  almost  constant  background.  When  the 
power  density  is  increased  to  values  above  96  kWcm"^  new 
modes  begin  to  develop  at  230  cm“^  and  585  cm"^  Up  to 
a  power  density  of  150  kWcm"^  the  intensity  of  these  new 
modes  grows  continuously.  At  still  higher  power  densities 
the  intensity  of  these  modes  starts  to  decrease  until  they  al¬ 
most  vanish  at  the  highest  power  density  of  290  kWcm"^  In 
addition  to  the  above  findings,  we  observe  with  increasing 
power  density  that  the  Cu(2)  mode  shifts  to  lower  frequen- 


1829 


1830 


A  .BOCK  et  al 


cies,  the  Big  rises  in  intensity,  the  Ba  and  the  0(4)  mode 
diminish,  and  another  mode  appears  at  450  cm"’.  The  ad¬ 
ditional  modes  were  fitted  using  a  Fano  profile  for  the  230 
cm"’  mode  and  Loren tz  profiles  for  the  450  cm"’  and  the 
585  cm"’  mode.  To  improve  the  fit  we  have  included  a  broad 
Lorentzian  at  280  cm"’.  The  modes  at  230,  280,  and  585 
cm"’  are  infrared  active  modes  of  YBCO7-5  dominated  by 
vibrations  of  Cu(l),  0(1),  and  0(4),  respectively  [6,7].  They 
become  Raman  active  due  to  disorder  in  the  occupancy  of 
the  chain-oxygen  site.  Thus,  the  appearance  of  these  modes 
indicates  the  onset  of  oxygen  out  diffusion.  The  mode  at 
450  cm"’  is  a  Raman  active  plane-oxygen  mode  of  YBCOe- 
The  remaining  Raman  active  phonons  of  YBC06  expected 
in  the  applied  polarization  geometry  are  the  Cu(2)  mode 
at  140  cm"’  and  the  Bi^  mode  at  340  cm"’  [8].  Both  are 
clearly  visible  at  the  highest  power  density.  Comparison  of 
Stokes  and  anti-Stokes  intensities  allows  to  determine  the 
maximum  spot  temperature  Tmax,  which  is  located  in  the 
center  of  the  Gaussian  laser  spot  at  the  film  surface  [3],  The 
thus  determined  temperatures  agree  well  with  the  tempera¬ 
tures  calculated  from  the  solution  of  the  heat  equation  as 
can  be  seen  in  the  inset  of  Fig.  1 . 

Above  the  damage  threshold  at  Pdamage  ~  (96  ±  5) 
kWcm"^,  i.e.,  at  T^ax  =  (500  ±  10)  K  the  observed  changes 
of  the  intensities  reflect  the  decrease  of  the  chain-oxygen 
content  [8].  We  have  carried  out  damage  measurements 
at  various  ambient  pressures  po  and  temperatures  To  on 
the  same  film.  The  thresholds  and  concomitant  spot  tem¬ 
peratures  Tmax  are  depicted  in  Fig.  2.  The  temperature 
dependence  of  the  threshold  indicates  that  the  oxygen  out- 
diffusion  starts  at  Tmax  =  (490  ±  10)  K,  independent  of 
the  power  density.  Therefore,  we  role  out  a  solely  photo- 
activated  diffusion.  Within  the  experimental  errors,  we 
observe  merely  a  weak  dependence  of  the  threshold  on  the 
ambient  pressure.  Also,  the  amount  of  out-diffused  oxygen 
at  the  maximum  power  density  (not  shown  here)  depends 
only  slightly  on  the  pressure.  These  observations  are  in  con¬ 
trast  to  the  p-T  phase  diagram  of  YBC06+;c  [9].  According 
to  this  diagram  a  pronounced  pressure  dependence  would 
be  expected,  and  YBCO7  would  expected  to  be  stable  even 
for  our  highest  power  density  in  an  ambient  pressure  of  1 
bar.  Hence,  we  conclude  that  the  reaction  of  oxygen  out- 
diffusion  is  of  mixed  type  containing  thermal-activated  and 
photo-activated  processes. 
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Fig.  1.  Stokes  Raman  spectra  in  polarized  (z(y,y)l)  and  depo¬ 
larized  (z{x.y)z)  geometry  for  different  power  densities  Pl.  The 
spectra  are  offset  as  indicated,  their  intensities  are  normalized 
with  respect  to  the  power  density.  The  inset  shows  spot  tem¬ 
peratures  Tmax  versus  power  density.  Dots  represent  experimental 
Stokes/anti-Stokes  temperatures,  the  solid  line  has  been  calculated 
as  described  in  Ref  [3]. 
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Fig.  2.  Damage  thresholds  versus  ambient  pressure  and  cryostat 
temperature.  The  corresponding  spot  temperatures  Tmax  in  K  are 
indicated. 
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MODULATION  MEASUREMENTS  OF  YBa2Cu307-5  OPTICAL  REFLECTIVITY  USING  A 

THERMAL  WAVE  TECHNIQUE 
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Ginzton  Laboratory,  Stanford  University,  Stanford,  CA  94305-4085,  U.S.A. 


Fig.  1.  Measured  DOR  signals  for  different  quality  twinned 
YBa2Cu307_jc  crystals,  with  a  critical  temperature  Tc  =  92.5  K 
(curves  1  and  2)  and  induction  coil  response  (curve  3). 

We  have  measured  the  differential  optical  reflectivity  (DOR) 
of  YBa2Cu307-rf  single  crystals  in  the  temperature  range 
20-300  K  using  a  photothermal  technique  [1-3]  in  which 
the  sample  temperature  is  varied  periodically  by  an  incident 
modulated  argon  laser  beam  with  a  wavelength  of  546  nm. 
The  periodic  change  in  temperature  at  the  source  is  2  K. 
The  AC  component  of  optical  reflectivity,  the  DOR,  is  mea¬ 
sured  with  a  second  diode  laser  beam,  of  wavelength  of 
780  nm,  spaced  10  micrometers  from  the  pump,  where  the 
periodic  temperature  variation  is  0.2  K  peak.  In  the  visi¬ 
ble  range,  the  optical  constants  of  high- Ti  superconducting 
materials  do  not  show  any  noticeable  temperature  depen¬ 
dence  [4].  However,  this  differential  technique  emphasizes 
the  small  effects  caused  by  the  superconducting  transition 
close  to  Tc  and  is  far  more  sensitive  to  these  effects.  We  at¬ 
tribute  our  experimental  results  to  the  opening  of  the  super¬ 
conducting  gap  and  the  temperature  dependence  of  electron 
scattering  time. 

The  YBCO  samples  used  in  this  study  were  twinned,  with 
critical  temperatures  in  the  range  60-93  K.  No  anisotropy 
in  the  unmodulated  and  modulated  parts  of  the  reflected 
signal  was  observed  which  implies  that  the  real  domain  size 
must  have  been  less  than  the  diameter  of  the  focused  probe 
beam.  In  Fig.  1,  the  DOR  responses  are  shown  for  two 
different  twinned  YBCO  crystals  with  a  critical  temperature 
of  Tc  «  92.5  K  (curves  1  and  2).  Samples  of  lower  quality 
(judging  by  their  optical  image)  and  thin  c-oriented  films 
gave  a  far  weaker  peak  in  amplitude  (curve  2).  The  observed 
signal  demonstrates  distinctive  structure  in  the  vicinity  of 
the  critical  temperature,  as  determined  from  a  comparison 


Fig.  2.  The  DOR  signal  for  a  sample  with  a  critical  temperature 
Tc  =  92.5  K  (curve  1),  curve  2  is  a  normalized  plot  of  1//)  for 
the  same  sample,  and  curve  3  is  the  function  1  -  A^(0)/A^(T) 

representing  density  of  the  normal  component  below  Tc  [7]. 

with  the  induction  coil  response  (curve  3), 

The  observed  signal  can  be  considered  as  a  sum  of  two 
contributions.  One  DOR  term  is  a  background  which  varies 
slowly  with  temperature.  The  other  gives  rise  to  a  sharp 
asymmetric  peak,  with  a  temperature  width  of  about  1 5  K 
below  Tc  and  a  relatively  small  precursor  in  the  temperature 
range  ~5  K  above  Tc.  The  superconducting  transition  occurs 
near  the  onset  of  this  peak,  close  to  the  inflection  point 
of  the  DOR  signal.  With  a  sample  with  a  lower  transition 
temperature,  all  significant  features  are  repeated  in  the  lower 
temperature  range. 

We  have  used  a  simple  two-fluid  Drude  model  to  obtain 
some  insight  into  the  magnitude  of  the  power  reflection 
coefficient,  R  [5].  This  approach  yields  the  result: 


where  /  is  the  fraction  of  electron  density  related  to  the 
superconducting  condensate  (/  =  0  at  T  S:  Ti),  X"  is  a 
temperature-independent  constant,  r„  and  L  are  effective 
collision  frequencies  for  the  normal  and  superconducting 
states,  their  difference,  6Y  -Tn-  L  is  assumed  to  be  small 
compared  to  either  r„  or  L,  and  that  the  optical  frequency 
CO  »  L  or  Ys. 

Equation  (1)  provides  a  qualitative  description  of  the  ex¬ 
perimental  results.  Above  the  DOR  signals  1  and  2  of 
Fig.  1  show  a  weak  temperature  dependence  of  the  elec¬ 
tron  scattering  rate  d(dr)/dr.  Below  IJ.,  the  d(5r)/dr 
term  is  multiplied  by  the  fractional  density  of  the  normal 
component  (1  -  /).  This  quantity  can  be  determined  inde- 
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pendently  from  our  thermal  diffusion  measurements  on  the 
same  sample  using  the  same  technique.  The  phase  change 
between  source  and  probe  of  the  thermal  wave  excited  by 
the  modulated  laser  is  </>  =  ,  where  O  is  the  mod¬ 

ulation  frequency,  x  the  distance  between  the  exciting  and 
probe  beams,  and  D  is  the  diffusion  coefficient.  We  assume 
that,  below  Ti,  the  scattering  rate  of  phonons  by  electrons, 
and  hence  1  /D,  is  proportional  to  the  normal  electron  den¬ 
sity.  Microwave  penetration  depth  measurements  also  give  a 
measure  of  the  fractional  density  of  normal  electrons.  Nor¬ 
malized  estimates  of  (1  -  /)  taken  from  penetration  depth 
(curve  3)  and  diffusion  measurements  (curve  2)  are  plotted 
along  with  our  amplitude  measurements  in  Fig.  2.  It  will 
be  seen  that  the  results  tend  to  agree  with  the  simple  Drude 
model  hypothesis  for  the  background  signal  variation,  pro¬ 
vided  that  we  assume  that  the  electron  collision  rate  does 
not  vary  much  with  temperature. 

The  peak  DOR  component  has  a  rather  complicated 
structure.  Beyond  a  smooth  signal  slowly  decreasing  at  low 
temperatures  and  disappearing  below  ~  60  K,  there  is  a 
distinctive  “precursor”  --  5  K  above  To  and  a  sharp  peak 
in  the  similar  temperature  range  below  7^.  It  can  be  shown 
from  general  Landau-Ginzburg  considerations  that  there 
should  be  a  jump  in  the  value  of  dRjdT  at  T  ~  7i[6]. 
This  mean  field  theory  cannot  explain  the  large  precursor 
above  Tc  and  the  sharp  peak  just  below  7^.  It  is  tempting 
to  attribute  these  features  close  to  Ti  as  being  due  to  short¬ 
comings  of  the  mean  field  approach  and  explain  them  as 
manifestation  of  critical  fluctuations.  However,  the  fluctua¬ 
tion  contribution  to  the  normal  component  should  be  more 
or  less  symmetrical  on  both  sides  of  Tq,  The  contribution 
of  the  superconducting  component  is  essential  for  samples 
with  large  peaks  and  should  look  like  a  derivative  of  this 
synunetric  peak,  a  conclusion  very  different  from  the  exper¬ 
imental  results.  At  the  same  time,  the  shape  of  the  d//dr 
component  is  self-consistent  with  the  smooth  background 
shape.  Below  7i,  the  higher  quality  sample  shows  a  larger 
peak  which  may  be  explained  by  assuming  different  values 
of  6Y  for  different  samples. 

Our  main  conclusion  is  that  this  technique  is  a  new  and 
powerful  tool  for  investigation  of  high-Ti  materials.  We 
found  for  both  the  normal  and  superconducting  compo¬ 
nent,  that  their  DOR  responses  are  not  properly  described 
by  the  mean  field  (BCS)  theory. 
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SUPERCONDUCTORS:  PHONON  MODES 
AND  CHARGE  TRANSFER  EFFECTS 
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Abstract— We  report  on  a  Raman  scattering  study  of  (YxPri_x)2Ba4Cu6+nOi4+«-<5  in  =  1, 2)  superconductors 
with  0  <  X  <  1  in  the  temperature  range  10-300  K.  The  observed  changes  of  the  phonon  frequencies, 
including  the  double  chain  modes,  with  Pr-content  x  in  general  follow  from  the  variations  of  the  bond 
distances.  The  apex-oxygen  mode  is,  however,  found  to  exhibit  stronger  variation  with  x  in  single  (n  =  0) 
then  in  double-chain  (n  =  1,2)  materials,  which  may  indicate  charge  redistribution  effects  between  chains 
and  planes. 


The  superconducting  transition  temperature  Tc  of 
(Yj,Pri_.x)2Ba4Cu6+rtOi4+«-,?  materials  with  n  =  1  and  2 
decreases  with  increasing  of  Pr-content.  This  dependence 
is,  however,  weaker  and  superconductivity  persists  up  to 
X  «  0.8  for  rt  =  2  and  x  «  0.65  for  «  =  1  in  comparison 
to  X  ^  0.55  for  rt  =  0.  The  origin  of  the  Tc  suppression 
is  still  a  matter  of  debate.  In  order  to  obtain  additional 
information  which  may  be  relevant  to  an  understanding  of 
the  Tc  suppression  we  have  investigated  the  variation  of  the 
phonon  parameters  with  x  and  n. 

Among  the  most  important  experimental  results  we  list 
the  following: 

(i)  similar  to  the  single-chain  material  {n  =  0),  the  out-of¬ 
plane  out-of-phase  Bi^  oxygen  mode  of  the  double-chain 
(«  =  1,2)  superconductors  is  found  to  exhibit  two-mode 
behavior  and  for  intermediate  x  both  'T-like”  and  “Pr- 
like”phonons  are  observed  in  the  Raman  spectra; 

(ii)  in  contrast  to  the  single-chain  (Yi-;,Prx)Ba2Cu307-^  su¬ 
perconductors,  we  found  much  slower  increase  of  the 
apical  oxygen  vibrational  frequency  (co  507  cm“^  for 
x=0)  with  Pr-content  x  (Fig.  1)  for  «  =  2  material  de¬ 
spite  a  similar  variation  of  the  relevant  bond  lengths. 
This  could  be  an  indication  of  a  charge  transfer  between 
the  chains  and  planes  which  may  be  responsible  for  the 
difference  in  behavior  of  Tc  vs  x  for  these  materials; 

(hi)  for  (YxPri-x)2Ba4Cu70i5-,5,  which  can  be  viewed  as  a 
sequence  of(Yi-xPrx)Ba2Cu307_5  and  (Yi-;cPrx)Ba2Cu408 
units  along  the  z-axis,  we  clearly  identified  two  apical- 
oxygen  modes  corresponding  to  the  constituent  building 
blocks  (Fig.  1);  their  behavior  upon  Pr-substitution  is 
very  similar  to  those  of  the  “pure’*  YBa2Cu307_5  and 
YBa2Cu408; 

(iv)  several  phonons  in  non-superconducting  PrBa2Cu408 
display  asymetries  which  are  similar  to  those  ob¬ 
served  for  the  corresponding  modes  in  superconducting 


Pr  content  x 


Fig.  1.  (a)Raman  scattering  spectra  of  YBa2Cu408  (the  low¬ 
est  curve)  and  (YxPri-x)2Ba4Cu70i5_^  with  x=0,  0.2,  0.4  and 
0.6  in  the  range  of  apex  oxygen  vibrations  at  7=20  K.  Points 
are  the  experimental  data;  solid  curves — fits  of  the  spectra  to 
Lorentzian  lineshapes  which  are  shown  by  dotted  lines.  Note 
the  increasing  splitting  between  the  two  apex-oxygen  lines  in 
(YxPri-x)2Ba4Cu70i5-s  with  x;  (b)  phonon  frequencies  vs  Pr 
content  x  for  (YxPri-x)Ba2Cu307-5  (circles,  r=300  K,  after  Ref 
[1]),  (YxPri_x)Ba2Cu408  (squares)  and  (YxPri-x)2Ba4Cu70i5-,5 
(diamonds). 


YBa2Cu408.  This  is  an  indication  of  a  negligible  varia¬ 
tion  of  the  electronic  states  to  which  the  Raman-active 
phonons  couple. 


REFERENCE 

1.  Radousky  H.  B.  et  ai,  Phys.  Rev.  B  39,  12383  (1989). 


Pergamon 


J.  Phys,  Chem.  Solids  Vol.  56,  No.  12,  p.  1835,  1995 
Copyright  ©  1995  Elsevier  Science  Ltd 
Printed  in  Great  Britain.  All  rights  reserved 
0022-3697/95  $9.50  +  0.00 


0022-3697(95)00183-2 


INFLUENCE  OF  Zn-DOPING  ON  THE  ELECTRONIC  RAMAN  SCATTERING  OF 

YBa2Cii307-(5 

A.  MATIC,  *  M.  KALL,  t  L.  BORJESSON,  *  and  Y  ELTSEV  * 

*  Department  of  Physics,  The  Royal  Institute  of  Technology,  S-100  44  Stockholm,  Sweden 
^  Department  of  Physics,  Chalmers  University  of  Technology,  S-412  96  Goteborg,  Sweden 


Abstract — We  present  temperature  dependent  Raman  measurements  on  single  crystal  YBa2(Cui-^Znx)307-5 
with  .X  =  0,  1.5%,  and  3.5%.  The  superconductivity  induced  redistribution  of  the  electronic  background  in 
the  symmetry  scattering  configuration  was  found  to  disappear  already  for  the  smallest  Zn  concentration. 
In  contrast,  for  Ai^  symmet^  the  redistribution  is  observed  for  all  samples  even  though  the  magnitude 
decreases  with  increasing  doping.  The  peak  position  in  Aig  symmetry  decreases  with  increasing  Zn  doping 
and  scales  approximately  with  indicating  a  superconducting  gap  energy  of  2A/k5Tcw5.0. 


High-Tc  superconductors  exhibit  an  almost  frequency  in¬ 
dependent  Raman  scattering  background  that  is  thought  to 
be  of  electronic  origin.  The  low  frequency  part  of  the  back¬ 
ground  redistributes  below  Tc  into  a  broad  hump,  which  is 
thought  to  be  related  to  the  increase  in  the  density  of  elec¬ 
tronic  states  just  above  the  gap  energy  [1].  The  frequency 
of  the  hump  is  symmetry  dependent  indicating  a  symme¬ 
try  dependent  anisotropic  gap.  In  this  contribution  we  re¬ 
port  on  a  Raman  scattering  investigation  of  the  effects  of 
partial  Zn  substitution  for  Cu  on  the  redistribution  of  the 
electronic  Raman  scattering  in  YBa2Cu307-5  (Y123).  Zn 
is  known  to  enter  preferentially  into  the  Cu02  planes.  The 
decrease  of  Tc  with  Zn  doping  is  very  rapid  compared  to 
most  other  substitutions  in  Y123.  The  reason  for  this  effect 
is  unclear,  but  recently  several  authors  have  suggested  that 
the  main  effect  of  Zn  is  to  disturb  the  spin  system  in  the 
Cu02  planes.  Three  single  crystals  were  investigated;  one 
pure  Y123  crystal  and  two  in  which  1.5%  and  3.5%  of  the  Cu 
atoms  were  substituted  by  Zn.  The  Tc  of  the  samples  were 
93  K,  86  K  and  68  K,  respectively.  Polarized  Raman  mea¬ 
surements  were  performed  in  flZ)-plane  scattering  geometries 
which  correspond  to  and  Aig^  symmetry.  In  Fig.  1  we 
show  the  difference  between  spectra  recorded  at  20  K  and 
spectra  recorded  just  above  Tc  for  the  different  crystals. 

The  background  redistribution  below  Tc  was  highly  af¬ 
fected  by  the  Zn  substitution.  In  the  Bi^  symmetry  the  ef¬ 
fects  disappear  almost  completely  already  for  the  86  K  sam¬ 
ple  [see  Fig.  1(b)].  We  note  that  the  effect  observed  in  the 
Big  symmetry  is  highly  dependent  on  the  annealing  condi¬ 
tions.  In  samples  annealed  under  conditions  which  gave  rise 
to  stronger  disorder  induced  Raman  scattering,  the  hump 
was  considerably  more  pronounced  and  could  also  be  ob¬ 
served  for  the  Zn  doped  crystals.  In  contrast,  in  the  Ai^ 
symmetry  the  redistribution  effect  is  observed  in  all  the  in¬ 
vestigated  crystals  even  for  well  annealed  samples  [see  Fig. 
1(a)].  As  seen  in  the  figure,  the  hump  is  clearly  visible  also 
for  the  68  K  sample,  although  the  magnitude  of  the  redis- 
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Fig.  1.  (a)  Difference  spectra  taken  in  the  Aig  symmetry  for 
YBa2(Cui-;eZnjc)307_j  with  various  x.  Inset  shows  the  variation 
of  the  hump  frequency  as  a  function  of  the  Tc  of  the  samples,  (b) 
Difference  spectra  taken  in  the  Big  symmetry  for  various  jc. 


tribution  effect  decreases  with  increasing  Zn  doping.  How¬ 
ever,  the  hump  moves  to  lower  frequencies,  indicating  a  de¬ 
creasing  gap  energy  in  Aig  symmetry.  In  the  inset  of  Fig. 
1(a)  we  show  the  hump  frequency  as  a  function  of  Tc,  The 
frequency  follows  roughly  a  linear  dependence  with  a  slope 
corresponding  to  lA/ksTc  «  5.0  ±  0.3.  In  contrast,  the  Big 
redistribution  show  no  such  scaling.  One  may  speculate  that 
at  least  part  of  the  Big  hump  is  induced  by  disorder  in  the 
CuO-chains. 
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Abstract — ^We  report  the  penetration  depth.  A,  and  infrared  reflectance  of  a  YBa2(Cuo. 97 000.03)307-5  film 
from  35  cm“*  to  600  cm“^  and  from  10  K  to  300  K.  Co  is  a  chain  dopant  in  contrast  to  previous  work 
on  Zn  which  is  a  plane  dopant.  The  effects  of  the  chain  dopants  and  the  plane  dopants  are  similar  in  the 
normal  state.  For  example,  the  reflectance  of  the  3%  Co  sample  is  very  similar  to  4%  Zn  sample  at  100  K  and 
300  K.  However,  in  the  superconducting  state,  3%  Co  has  a  high  reflectance  similar  to  pure  YBa2Cu307_5 
while  4%  Zn  has  a  gapless  reflectance.  The  penetration  depth  of  the  Co  doped  sample  is  close  to  that  of 
pure  YBa2Cu307-5  while  that  of  the  Zn  doped  film  is  a  factor  of  five  larger. 


1.  INTRODUCTION 

The  purpose  of  this  study  is  to  compare  the  effects  of  plane 
and  chain  doping  on  YBa2Cu307_5.  It  is  expected  and 
found  that  the  plane  dopants  have  a  larger  effect  on  the 
superconducting  properties  than  the  chain  dopants. 


2.  SAMPLES 

The  sampled  films  are  300  nm  thick,  made  by  laser  ab¬ 
lation  on  SrTi03  substrates.  The  samples  are  about  1.5  cm 
in  radius.  They  are  highly  oriented  with  the  c-axis  perpen¬ 
dicular  to  the  substrate.  Cobalt  substitutes  exclusively  for 
the  chain  coppers  while  Zn  substitutes  preferentially  for  the 
plane  coppers  in  YBa2Cu307_5  [1].  Tc=  72  K  for  the  3% 
Co  film  and  Tc=  43  K  for  the  4%  Zn  doped  film. 


3.  REFLECTANCE  SPECTRA 

Figure  1  shows  a  comparison  of  the  infrared  reflectances 
of  a  3%  Co  doped  and  4%  Zn  doped  YBa2Cu307-5  film 
measured  at  10  K,  100  K  ,  and  300  K.  The  strong  features 
in  the  spectra  at  86  cm“‘,  176  cm"*,  and  550  cm”*  are  from 
phonons  in  the  substrate.  The  infrared  reflectance  spectra 
of  the  3%  Co  doped  sample  and  the  4%  Zn  doped  sample 
are  nearly  indistinguishable  at  300  K.  This  implies  that  the 
normal  state  properties  such  as  the  Drude  scattering  rate 
and  plasma  frequency  averaged  over  the  a-b  plane  of  our 
twinned  films  are  the  same  for  the  plane  and  chain  doped 
samples.  At  100  K  the  3%  Co  and  4%  Zn  reflectance  spectra 
are  both  higher  than  at  300  K  and  still  similar  to  each  other. 

In  the  superconducting  state,  the  spectra  of  the  3%  Co 
and  4%  Zn  doped  samples  are  quite  different.  The  re- 


Fig.  1.  Reflectance  of  YBa2(Cuo.97  Coo.  03)307-5  and 

YBa2(Cuo.96Zno. 04)307-5  films  at  10,  100  and  300  K.  The  thick 
lines  are  the  Co  doped  sample  and  the  thinner  lines  are  the  Zn 
doped  sample.  Note  that  the  300  K  reflectances  for  the  Co  and 
Zn  doped  samples  are  the  same  while  their  10  K  reflectances  are 
very  different.  The  10  K  reflectance  for  the  Co  goes  to  unity,  but 
the  10  K  Zn  reflectance  stays  low.  The  data  have  been  smoothed 
digitally  for  clarity. 


flectance  of  the  4%  Zn  sample  is  higher  at  10  K  than  at 
100  K  but  it  is  not  close  to  unity  so  the  sample  is  ‘gap¬ 
less’  [2].  Kim  et  al  have  fit  the  10  K  reflectance  with  a 
mid-infrared  band  and  a  Drude  conductivity  which  has  no 
missing  area  [2].  They  get  a  better  fit  by  using  a  modified 
Drude  conductivity  with  missing  area  corresponding  to  the 
measured  penetration  depth.  In  contrast,  the  3%  Co  sample 
has  a  much  higher  reflectance  at  10  K  than  at  100  K.  In  fact 
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Fig.  2.  1/A2(r)  for  a  YBa2(Cuo.  97000.03)307-5  and  a 

YBa2(Cuo.96Zno.04)307-5  film.  Note  that  l/A^  for  the  3%  Co 
doped  film  is  much  higher  than  I  /  A^  for  the  4%  Zn  doped  film. 
For  comparison,  pure  films  have  1  /  A^  =  40  )L/m“^ .  The  inset  shows 
the  mutual  inductance  as  a  function  of  temperature  for  the  Co 
doped  sample. 

it  goes  to  unity  at  low  frequency,  within  experimental  error. 
The  higher  reflectance  is  consistent  with  the  smaller  pene¬ 
tration  depth  of  the  3%  Co  film  compared  to  that  of  the  4% 
Zn  film.  The  10  K  spectrum  of  the  3%  Co  doped  sample 
is  qualitatively  similar  to  that  of  pure  YBa2Cu307_5  [3,4]. 
At  low  frequencies,  both  pure  and  Co  doped  YBa2Cu307-5 
have  a  reflectance  of  nearly  unity.  The  reflectances  decrease 
with  increasing  frequency  and  have  a  shoulder  which  occurs 
near  230  cm“^  in  the  Co  spectrum.  Although  the  normal 
state  properties  of  the  two  samples  are  the  same,  the  super¬ 
conducting  properties  of  the  plane  doped  sample  are  more 
greatly  suppressed  than  those  of  the  chain  doped  sample. 


which  is  about  40%  larger  than  that  of  pure  YBa2Cu307-5 
films,  where  A(4  K)=  150-1 70  nm.  The  penetration  depth, 
A(4K)=750  nm  ±  80  nm,  for  the  4%  Zn  doped  sample  is 
much  larger  than  pure  or  Co  doped  YBa2Cu307-5 .  The  su¬ 
perfluid  density,  which  is  proportional  to  1/A^,  is  only  de¬ 
creased  by  a  factor  of  2  between  the  pure  film  and  the  3% 
Co  doped  film  while  it  is  decreased  by  a  factor  of  25  be¬ 
tween  the  pure  film  and  the  4%  Zn  film. 


4.  CONCLUSIONS 


In  the  chain  doped  sample  the  superconducting  prop¬ 
erties  are  not  greatly  altered  from  the  pure  sample,  while 
the  plane  doped  sample  the  superconducting  properties  are 
altered.  3%  Co  doped  YBa2Cu307-5  has  a  penetration 
depth  and  an  infrared  reflectance  at  10  K  similar  to  pure 
YBa2Cu307-5.  4%  Zn  doped  YBa2Cu307-5  has  a  much 
larger  penetration  depth  than  pure  YBa2Cu307-5  and  a 
‘gapless’  reflectance  spectra. 
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3.  PENETRATION  DEPTH 

The  magnetic  penetration  depth,  AID,  was  measured  by 
the  two  coil  method  [5,6].  Two  coils  are  placed  on  opposite 
sides  of  the  film  and  the  mutual  inductance  is  measured  as 
a  function  of  temperature.  The  penetration  depth  is  deter¬ 
mined  from  the  mutual  inductance  with  no  fitting  param¬ 
eters  [7].  The  sharpness  of  the  transition  in  the  mutual  in¬ 
ductance,  shown  in  the  inset  to  Fig.  2,  indicates  that  the  Co 
is  distributed  evenly  throughout  the  sample,  since  7i  is  very 
sensitive  to  Co  doping  near  the  3%  doping  level  [8].  At  2% 
Co  rc=  91.5  K  [8]  but  for  3%  Co  7;=  72  K  so  a  spread 
in  concentration  of  Co  between  2.5  and  3%,  for  example, 
would  lead  to  a  10-20  K  transition  width. 

Figure  2  is  a  comparison  of  the  temperature  dependence 
of  1  /A^  for  the  3%  Co  and  4%  Zn  doped  samples.  The  pen¬ 
etration  depth  at  4  K  for  the  3%  Co  film  is  210  nm  ±15  nm 
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Abstract — We  report  on  the  infrared  c-axis  reflectivity  of  overdoped,  optimally  doped  and  underdoped 
YBa2Cu30^  crystals.  For  overdoped  crystals  the  c-axis  conductivity  exhibits  a  metallic  temperature  and 
frequency  dependence,  whereas  in  the  optimally  doped  regime  a  crossover  from  metallic  to  semiconducting- 
like  behavior  occurs.  The  semiconducting-like  dc  conductivity  is  related  with  a  suppression  of  the  optical 
conductivity  below  a  certain  frequency  which  decreases  from  700  cm“^  in  the  heavily  underdoped  regime 
to  500  cm“^  in  the  optimally  doped  one.  An  additional  absorption  threshold  is  observed  in  the  far-infrared 
conductivity  in  the  optimally  and  underdoped  regime,  whose  onset  frequency  (at  «  230  cm“^)  is  almost 
independent  on  the  oxygen  content.  For  low  doping,  anomalous  spectral  growth  around  400  cm~^  occurs, 
which  seems  to  be  associated  with  a  transfer  of  the  oscillator  strength  of  the  planar  oxygen  bending  mode 
to  this  new  excitation. 


The  anisotropy  ratio  pc  Ip  at  of  YBa2Chi30;;  increases 
strongly  with  decreasing  doping,  indicating  that  a  change 
in  the  hole  concentration  cannot  only  account  for  the 
change  in  the  transport  properties.  This  also  manifests  in 
the  crossover  of  the  c-axis  resistivity  from  a  metallic  to  a 
semiconducting  behavior  at  a  specific  temperature  T*  that 
decreases  with  doping  [1].  From  infrared  measurements,  it 
was  suggested  that  the  semiconducting-like  T -dependence 
is  associated  with  a  suppression  of  the  conductivity  below 
a  pseudogap  at  «  230  cm“^  that  is  possibly  related  with  a 
gap  in  the  spin  density  of  states  [2]. 

Single  crystals  of  YBa2Cu30j;  with  c-axis  dimension  up 
to  8  mm  were  grown  by  a  pulling  technique.  After  cutting 
several  pieces,  they  were  annealed  under  different  condi¬ 
tions,  described  elsewhere  [3],  to  obtain  an  overdoped  crys¬ 
tal  with  oxygen  content  y  w  b.OandTc  w  89  K,  optimally 
doped  (6.8,  91  K)  and  underdoped  (6.5,  45  K).  Infrared  re¬ 
flectivity  measurements  were  performed  with  light  polarized 
parallel  to  the  c-axis  of  the  crystals  {E  ||  c)  between  300 
K  and  10  K.  The  infrared  conductivity  (T\  was  calculated 
via  a  Kramers-Kronig  analysis  of  the  reflectivity  data.  In 
the  overdoped  state  (T\  increases  with  reducing  temperature 
and  shows  a  metallic  decrease  with  frequency  at  100  K  in¬ 
dicating  coherent  charge  transport  (Fig.  1).  At  T  To,  (J\ 
is  suppressed  due  to  the  opening  of  a  superconducting  gap 
but  increases  again  at  low  frequencies.  It  can  be  attributed 
to  residual  normal  carriers  in  the  overdoped  state  [4].  For 
the  optimally  doped  crystal  only  a  weak  temperature  de¬ 
pendence  is  observed  in  the  normal  state  and  a  clear  sup¬ 
pression  below  To.  a\  of  the  underdoped  crystal  is  charac¬ 
terized  by  a  gradual  suppression  at  low  frequencies  and  an 
increase  of  spectral  weight  around  400  cm“^  accompanied 
by  a  drastical  decrease  of  the  oscillator  strength  of  the  in¬ 
plane  oxygen  bending  mode  at  320  cm“^ .  This  transfer  of 


CO  (cm  ’) 


Fig.  1.  Doping  dependence  of  the  infrared  c-axis  conductivity  of 
YBa2Cu30;^,. 

Spectral  weight  might  indicate  that  400  cm“^ -absorption  is 
of  phononic  origin.  After  subtracting  phononic  contribu¬ 
tions  (fitted  by  Lorentzian  and  Fano  lineshapes)  in  (T\  for 
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tions. 


the  crystal  with  y  w  6.8  and  6.5,  but  without  removing  the 
400  cm“^  peak,  the  remaining  conductivity  is  displayed  in 
Fig.  2.  The  absorption  edge  in  a\  around  230  cm"^  for  y  w 
6.8  seems  to  be  superimposed  on  a  weakly  frequency  depen¬ 
dent  backgroimd  that  first  increases  with  reducing  temper¬ 
ature  and  decreases  for  T  <  230  K  and  co  <  500  cm"^  In 
the  case  of  the  underdoped  crystal,  the  anomalous  growth 
of  spectral  weight  at  400  cm”^  makes  it  difficult  to  extract 
up  to  which  frequency  the  semiconducting-like  temperature 
dependence  extends.  However  at  frequencies  between  500 
and  700  cm“^  ai  reveals  the  same  T -dependence  as  be¬ 
low  230  cm"^  Therefore,  although  the  strong  400  cm“^- 


anomaly  hides  the  T-dependence  of  the  electronic  part  in 
cTi,  the  semiconducting-like  behavior  seems  to  extend  in 
the  infrared  conductivity  up  to  700  cm“^  The  absorption 
threshold  seems  to  be  common  for  double  layer  systems  as 
YBaaCuaOy  and  YBa2Cu408  [5],  but  it  is  not  observed  in 
the  single  layer  compounds  such  as  La2_xSrjcCu04.  There¬ 
fore,  it  may  indicate  an  onset  of  interband  transition  be¬ 
tween  two  plane  bands  which  are  separated  by  twice  the 
interlayer  hopping  integral  [6].  T*  and  the  onset  tempera¬ 
ture  of  the  suppression  in  (T\  as  well  as  its  frequency  can  be 
explained  within  a  doping  dependent  spin  gap  that  is  sug¬ 
gestive  from  NMR  data.  The  400  cm“^  anomaly  could  be 
associated  with  changes  in  the  spin  system  causing  a  weak 
structural  distortion. 

In  summary,  we  observed  for  overdoped  crystals  a  clear 
metallic  behavior  of  the  infrared  c-axis  conductivity.  In  the 
optimally  and  underdoped  regime  a  doping  independent 
threshold  (230  cm“0  in  a\  is  observed  and  may  be  attributed 
to  interband  transition  between  two  plane  bands.  The  char¬ 
acteristic  energy  responsible  for  the  semiconducting-like  be¬ 
havior  of  the  dc  conductivity  lies  above  500  cm“^ . 
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By  simply  rotating  the  polarizations  of  the  incident  and 
scattered  light  different  parts  of  the  Fermi  surface  can  be 
probed  by  Raman  spectroscopy.  Therefore  k-dependent  in¬ 
formation  about  electronic  properties  such  as  the  quasipar¬ 
ticle  scattering  time  Tk  and  the  superconducting  energy  gap 
Ak  is  obtained. 

In  all  cuprate  superconductors  the  Raman  spectra  consist 
of  several  phonon  lines  superimposed  on  a  broad  contin¬ 
uum,  the  interpretation  of  which  is  still  controversial.  Due 
to  the  fact  that  in  all  cuprate  families  the  symmetry  selec¬ 
tion  rules  for  the  frequency  and  temperature  dependence 
of  the  continuum  are  solely  determined  by  the  orientations 
of  the  Cu-O  bonds  we  conclude  that  this  background  has 
its  origin  in  inelastic  light  scattering  from  excitations  in 
the  Cu02  planes.  Further  we  believe  that  at  least  in  the 
low  energy  range  the  contribution  from  carrier  fluctuations 
is  dominant.  Therefore  we  use  the  fluctuation-dissipation 
theorem  which  relates  the  Raman  cross  section  with  the 
imaginary  part  of  the  response  function  to  extract 

electronic  properties  from  the  Raman  data. 

In  the  normal  state  for  the  Bi^  and  B2g  symmetries  the 
dynamics  of  the  carriers  is  reflected  in  the  Raman  response 
according  to 


X"{(J0,T)  =  -Nv 


0)^(0),  T)  \ 


(1) 


where  (...)  denotes  an  average  over  the  Fermi  surface  (FS). 
Here  means  the  carrier  DOS  at  the  Fermi  level  and  yk  = 
ei{^ekldkidkj}ej  is  the  Raman  vertex  including  the  polar¬ 
ization  vectors  of  the  incoming  {ej)  and  scattered  (e,)  light 
and  the  bandstructure  ejt.  In  order  to  mimic  the  nearly  con¬ 
stant  high  energy  part  of  the  spectra  a  co  and  T-dependent 
scattering  rate 


Fig.  1.  Relaxation  rate  rB2j;,(0,  T)  as  deduced  from  the  fits  to  the 
Raman  spectra  of  several  cuprate  families. 


r;t(a),  T)  =  yl(oiw)^+T^{0,T)  (2) 

was  introduced  as  specified  within  the  microscopic  nested 
Fermi  liquid  model  [1].  From  eqn  (1)  it  follows  that  in 
the  low-frequency  limit  the  Raman  response  is  inversely 
proportional  to  the  static  carrier  relaxation  rate  FatCO,  T). 
Putting  all  this  together  the  fits  to  the  electronic  part  of 
the  spectra  reveal  the  static  scattering  rate  to  be  strongly 
symmetry  dependent.  In  detail,  it  turns  out  that  for  B2g 
synmietry  the  static  relaxation  rate  rB2^(0,  D  increases 
linearly  in  temperature  for  all  compounds  and,  with  the 
exception  of  Bi  2201,  extrapolates  to  zero  in  the  low-T 
limit.  As  shown  in  Fig.  1  rB2^,(0,  T)  as  obtained  from  Ra¬ 
man  scattering  is  in  almost  quantitative  agreement  with  the 
results  from  longitudinal  transport  measurements.  In  con¬ 
trast,  for  Bi^  scattering  geometry  the  static  relaxation  rate 
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Fig.  2.  Comparision  of  the  pair  breaking  features  in  NCCO  and 
Bi2212  for  Bi^-symmetry.  The  smooth  curves  are  fits  to  the  data 
using  =  Aocos2(^  for  Bi2212  and  2A<^  =  {l^max  +  Amm)  - 
{dirnax  “  A;„j„)  cos4(^  for  NCCO. 

T)  is  almost  constant  in  optimally  doped  as  grown 
single  crystals.  In  post-annealed  Bi2212  T)  becomes 

slightly  T-dependent.  For  the  single  layer  Bi2201  crystal 
the  transport  measurement  revealed  a  considerable  residual 
resistivity  at  T  =  0,  a  fact  also  appearing  in  the  relaxation 
rates  extracted  from  the  Raman  spectra  (inset  of  Fig.  3). 

Below  To  the  spectral  weight  is  redistributed  in  that  the 
spectrum  piles  up  close  to  a  characteristic  energy  Q\(JOp) 
which  can  be  interpreted  as  a  breaking  of  Cooper  pairs 
(Fig.  2).  In  the  Ndi.84Ceo.i6Cu04  crystal  the  response  shows 
a  threshold-like  behavior  with  a  sharp  rise  right  below  hcop 
similar  to  what  was  observed  in  classical  superconductors 
like  Nb3Sn.  In  contrast,  in  the  other  cuprate  families,  the 
intensity  starts  to  increase  continuously  from  zero  energy 
exhibiting  characteristic  low-frequency  power  laws  for  the 
different  symmetries. 


Reduced  Frequency  to/kT^ 


Fig.  3.  Raman  spectra  of  Bi2201  at  temperatures  well  below  and 
right  above  Tc-  The  inset  shows  the  Raman  results  for  the  static 
relaxation  rates  in  Big^  as  well  as  B2g  symmetry. 

compound  the  peak  maximum  for  Bi^  symmetry  again  lies 
around  8  kTo  (Fig.  3).  Consequently,  we  believe  that  the 
peak  values  are  rather  related  to  the  mechanism  of  high-Fc 
superconductivity  than  to  the  individual  Tc.  The  small  peak 
height  in  Bi2201  comes  from  the  large  carrier  relaxation 
rate  T  =  3.5Ao(see  inset  in  Fig.  3)  [2].  All  these  features  can 
quantitatively  be  accounted  for  within  a  theoretical  model 
described  elsewhere  [3]  by  assuming  symmetry  for  the 
order  parameter  in  the  high-Ji  cuprates  and  anisotropic  s- 
wave  symmetry  for  the  gap  in  NCCO  (see  Fig.  2).  This  sug¬ 
gests  that  NCCO  is  comparable  with  the  weakly  anisotropic 
phonon-coupled  BCS  superconductor  NbaSn  [4]. 
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Another  fingerprint  in  the  Raman  spectra  of  p-type  high- 
To  materials  is  the  large  (30%)  difference  in  the  positions  of 
the  pair-breaking  peaks  for  different  polarizations.  Again, 
this  contrasts  with  the  situation  in  NCCO  where  the  gap 
anisotropy  is  similar  to  that  in  NbsSn  and  does  not  exceed 
15%.  Finally  the  maximum  gap  values  fitJOp  for  the  hole 
doped  cuprates  lie  in  the  range  8-9  kTo  in  contrast  to  5 
kTc  for  the  NCCO  crystal  (see  Fig.  2).  Although  in  Bi2201 
the  To  is  considerably  reduced  compared  to  the  double-layer 
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Abstract— We  measured  differential  optical  reflectivity  (DOR)  of  YBCO  single  domains.  DOR  measurements 
reject  the  temperature  independent  bulk  reflectivity  and  reveal  dRjdT.  These  measurements  detect  the 
superconducting  transition,  and  reveal  specific  anisotropy  associated  with  high-Tc  superconductivity. 


We  describe  measurements  of  differential  optical  reflectivity 
(DOR)  of  imtv^inned  single  crystal  YBa2Cu307-rf  (YBCO) 
crystals  obtained  by  a  photothermal  technique.  DOR  mea¬ 
surements  reject  temperature-independent  electron  transi¬ 
tions  and  are  sensitive  to  YBCO's  optical  anisotropy.  To 
measure  the  angular  DOR  dependence,  the  polarization  vec¬ 
tor  of  the  probe  beam  is  changed  at  the  sample  surface.  The 
superconducting  transition  is  determined  from  the  change 
in  susceptibility  associated  with  exciting  and  detecting  coils 
located  just  below  the  sample.  Details  of  the  experimental 
technique  are  described  elsewhere  [1-3]  and  summarized  in 
[4].  Some  of  our  findings  are  confirmed  by  microwave  pen¬ 
etration  depth  measurements  [5].  However,  certain  features 
of  the  DOR  response,  such  as  the  presence  of  a  narrow  peak 
'-IK  wide  at  Tc,  for  the  probe  light  polarized  along  the  a 
axis,  are  unique  and  have  no  analog  in  earlier  experiments 
using  traditional  methods. 

The  samples  investigated  in  this  study  were  untwined 
YBCO  crystals  with  critical  temperature  of  92.5  K,  91,2  K 
and  89.5  K.  All  samples  had  comparatively  large  untwinned 
areas  of  approximately  50  X  200/iw.  All  measurements  were 
conducted  in  the  a - b  plane. 

Over  most  of  the  temperature  range,  the  DOR  data 
(Fig.  1)  showed  angular  anisotropy  of  the  same  form  as 
in  the  standard  reflectivity  measurements,  with  strong  tem¬ 
perature  dependence.  The  single  domain  data  consist  of  a 
continuous  smooth  “background”  in  the  entire  temperature 
range  20-300  K,  and  a  sharp  peak  in  the  vicinity  of  Tc.  The 
maximum  observed  signals  are  about  lO”"*  of  the  average 
reflected  intensity  of  the  probebeam.  The  critical  tempera¬ 
ture  is  identified  as  the  DOR  signal  inflection  point,  and 
the  signal  maximum  is  shifted  below  Tc  by  approximately 
0.3  K(see  inset  in  Fig.  1).  This  sharp  peak  observed  in  the 
vicinity  of  Tc,  varies  radically  in  shape  with  the  angle  of 
polarization.  For  the  probe  beam  polarized  along  the  b  axis 
(curve  b  in  Fig.  1),  the  signal  has  a  significant  precursor 
in  the  range  -  5  K  above  Tc  and  a  low  temperature  tail 


below  Tc.  For  the  probe  polarized  along  the  a  axis  (curve  a 
in  Fig.  1),  a  very  narrow  peak  is  observed,  approximately 
1  K  wide,  just  below  Tc,  which  varies  in  shape  and  width 
from  sample  to  sample.  Both  the  small  temperature  width 
and  variation  from  sample  to  sample  of  the  a  response  are 
new  and  puzzling  effects. 

Figure  2  shows  a  comparison  of  the  a  axis  response, 
1/7)  (which  we  take  as  proportional  to  the  normal  electron 
density  [4]),  and  the  normal  electron  density  obtained  from 
microwave  experiments  [5]  as  1  -  A^(0)/A^(r).  The  striking 
overlap  of  these  three  curves  encourages  our  association  of 
the  three  quantities  and  motivates  our  theoretical  treatment. 

To  qualitatively  understand  some  of  our  results,  we  use 
a  two-component  Drude  model  in  which  the  dielectric  con¬ 
stant  e  is  of  the  form 

_  (1 

^  ~  co^  +  ivoln  0)2  +  /a)L 


where  (Dp,  r„  and  Is  are  the  plasma  frequency  and  electron 
collision  rates  for  the  normal  and  superconducting  phases, 
respectively.  This  formula  treats  the  holes  in  YBCO  as  a  free 
electron  gas.  Superconductivity  alters  the  electron  damping 
by  slightly  reducing  Tj.  This  model  is  admittedly  crude,  but  it 
provides  a  starting-point  for  understanding  the  DOR  signal. 

Within  this  model,  the  DOR  response  di^/dT  is 


dr 


-  0)2 


dr  J 


where  5r  =  (F^  -  F^)  <<  F,,  or  Fj,  \(d  -  (Dp\  »  F„  or  F^,  i?o 
is  the  reflection  coefficient  for  an  unmodulated  probe  beam, 
and  it  is  assumed  that  IdF^/dri  <<  |d(5F)/dr |. 

This  equation  shows  that  the  DOR  signal  consists  of  two 
components  which  are  proportional  to  the  rates  of  change 
of  51  and  the  fraction  of  superconducting  phase  /  with 
temperature,  respectively.  Above  Tc  (/  =  0),  the  observed 
signal  is  proportional  to  the  temperature  derivative  of  the 
collision  frequency  d(5F)/dr  in  the  normal  state.  It  will 
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Fig.  1.  Temperature  dependence  of  a  and  b  axis  IX)R,  thermal 
resistivity.  Inset  shows  a  axis  DOR  response  and  Inductive  coil 
response 
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T(K) 

Fig.  2.  Plot  of  DOR  signal,  1/Diffusivity,  and  normal  carrier 
density  as  a  function  of  temperature 

component  decreases  with  temperature  as  (1  -  /),  or  the 
density  of  the  normal  component  as  discussed  above.  The 
second  DOR  component  is  proportional  to  dfjdT,  which 
can  be  identified  as  a  superconducting  component  response. 

The  b  axis  DOR  approximately  fits  this  model.  At  low 
temperatures  (below  50  K),  it  has  the  shape  of  /?normai, 
consistent  with  d(5r)/dr  constant.  As  the  temperature 
rises,  the  second  response  appears,  as  qualitatively  predicted 
by  the  d//dr  term. 

The  a  axis  DOR  does  not  fit  this  model;  its  shape  fits 
exclusively  the  (1  -  /)  term.  However,  the  d//dr  term 
cannot  explain  the  sharp  spike  seen  in  all  the  samples  at  Tc. 

This  sharp  spike  is  also  not  explainable  within  Landau- 
Ginzberg  theory  [6].  A  second>order  phase  transition  should 
show  a  step  discontinuity  in  the  derivative,  followed  by  a 
gradual  decline  as  the  temperature  drops.  The  b  axis  DOR, 
the  twinned  sample  DOR  [4],  and,  for  instance,  the  specific 
heat  approximately  fit  this  description. 

We  suggest  that  this  behavior  can  be  explained  as  the  re¬ 
sult  of  interference  of  transmission  amplitudes  within  the 
optical  reflectivity  matrix  elements.  In  the  case  of  YBCO, 
this  interaction  could  arise  from  a  difference  in  the  response 


of  the  plains  and  chains.  It  would  be  interesting  to  investi¬ 
gate  whether  the  observed  effects  exist  in  YBCO  only  with 
its  specific  chain-plane  configuration,  or  are  inherent  to  all 
high-Tcmaterials. 

In  summary,  we  have  presented  DOR  measurements 
from  single-crystal  YBCO  samples.  These  measurements 
give  an  optical  indication  of  the  superconducting  transition, 
and  reflect  a  significant  anisotropy;  much  more  anisotropy 
than  is  typically  associated  with  high-Tc  superconductivity. 
We  also  present  a  rough  theoretical  explanation  of  the  ob¬ 
served  signals  which  interprets  some  of  the  noted  features. 

Acknowledgements — The  authors  are  indebted  to  S.  Doniach  for 
stimulating  theoretical  insight,  and  to  D.  M.  Ginsberg,  W.  N.  Hardy 
and  M.  Beasley  for  useful  discussions.  This  work  was  supported 
by  the  Department  of  Energy  under  Contract  No.  DOE  DE- 
FGO3-90ER14157  (I.F,  G.K.,  and  WS),  by  an  NSF  Fellowship 
(W.S.)  and  by  NSF  Grant  DMR  91-20000  through  the  Science 
and  Technology  Center  for  Superconductivity  (J.G.) 

Note  added  in  press 

Recent  work  by  Holcomb  et  ai  [7]  may  be  compared  with  this 
work.  Our  technique  measures  changes  in  R  and  T  a  factor  of 
10-100  times  smaller  than  in  [7],  and  is  sensitive  to  polarization. 
On  the  other  hand,  the  Thermal  Difference  Spectrometer  has 
the  advantage  that  it  can  be  used  over  a  wide  range  of  optical 
wavelengths.  A  more  detailed  comparison  of  the  two  techniques 
must  wait  until  they  are  both  used  to  examine  similar  material 
systems. 
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Abstract — We  review  recent  angle-scanned  photoemission  experiments  on  Bi2Sr2CaCu208+x-  The  Fermi 
surface  has  been  mapped  completely  revealing  previously  unobserved  "shadow  bands”  interpreted  as  due 
to  antiferromagnetic  correlations.  Since  Bi2Sr2CaCu208+x  exhibits  a  relatively  complicated  incommensurate 
lattice  modulation  new  measurements  on  a  Pb-doped,  unmodulated  Bi-cuprate  are  presented  for  comparison. 

Keywords:  Angle-scanned  photoemission,  Fermi  surface  mapping,  High-temperature  superconductor 


1.  INTRODUCTION 

A  new  mode  of  angle-resolved  photoemission  has  re¬ 
cently  been  applied  to  map  the  Fermi  surface  (FS)  of 
Bi2Sr2CaCu208+x  (Bi2212)  completely  [1].  The  validity 
of  this  method  has  been  proven  by  the  mapping  of  sec¬ 
tions  through  the  bulk  FS  of  Cu  [2].  While  the  traditional 
procedure  for  measuring  FS  transitions  relies  critically  on 
photoemission  line  shapes  near  the  Fermi  level,  this  new 
approach  takes  the  absolute  photoemission  intensity  at  the 
Fermi  level  directly  as  indicator  for  the  FS  transition.  The 
present  method  probes  instead  of  the  conventional  band 
structure  E(k)  its  inverse  function  k(E),  therefore  being 
complementary  to  the  traditional  approach.  Using  motor¬ 
ized  sequential  angle  scanning  data  acquisition  [3],  a  full  FS 
mapping  typically  consists  of  6000  intensity  measurements 
uniformly  distributed  over  the  full  first  and  part  of  the 
second  two-dimensional  Brillouin  zones  of  the  compound 
under  investigation.  This  high  sampling  density  of  the  par¬ 
allel  component  of  the  wave  vector  (kj|)  does  not  miss  any 
direct  transitions  crossing  the  Fermi  level  (Ep).  As  a  matter 
of  fact,  this  method  revealed  previously  unobserved  fea¬ 
tures,  so  called  ’’shadow  bands”  (SB),  on  the  FS  of  Bi2212 
[1].  Since  Bi2212  has  a  relatively  complicated  incommen¬ 
surate  lattice  modulation,  measurements  on  a  Pb-doped, 
unmodulated  crystal  are  presented  for  comparison. 


2.  RESULTS  AND  DISCUSSION 

Figure  1(a)  shows  the  Bi2212  k||  mapping  of  the  intensity 
of  He  I  excited  photoelectrons  collected  within  an  energy 
window  of  about  30  meV  centered  at  Ep.  [1]  High  intensities 
result  at  k]|  locations  where  transitions  move  through  Ep. 
These  locations  present  themselves  as  relatively  fine,  well 
defined  lines.  A  sketch  of  the  measurement  is  shown  in  Fig. 


1(b).  For  a  truly  two-dimensional  system  the  high  symme¬ 
try  points  r  and  Z  would  be  equivalent.  Points  X  and  Y 
correspond  to  (n/a,  n  I  a)  with  respect  to  the  Cu-O  planes 
and  are  not  equivalent  because  of  a  slightly  different  lat¬ 
tice  constant  of  the  a  and  b  axis  (the  b  axis  going  along  T 
Y)  and  because  of  the  lattice  modulation  along  the  b  axis. 
Transmission  electron  microscopy  and  low  energy  electron 
diffraction  are  characteristic  for  an  incommensurate  ”5x1” 
superstructure  along  the  crystal  b  axis  (not  shown).  We  ob¬ 
serve  different  features  in  Fig.  1(a).  First,  there  is  a  strong 
set  of  lines  drawn  as  strong  solid  lines  in  Fig.  1(b).  No  pro¬ 
nounced  nesting  is  observed  among  these  lines.  [1]  Second, 
there  is  a  weaker  set  of  lines  corresponding  to  SB,  appear¬ 
ing  as  dashed  lines  in  Fig.  1(b).  The  third  feature,  plotted 
as  pieces  of  fine  solid  lines,  occurs  near  the  F  and  Z  points 
with  a  banana-like  shape. 

If  we  take  a  copy  of  the  stronger  set  of  lines  centered  at 
r  and  center  it  at  X  or  Y,  it  covers  the  weaker  set  of  lines. 
The  weaker  set  thus  seems  to  behave  around  Y  or  X  just 
as  the  main  set  of  lines  around  T  .  This  behavior  is  further 
confirmed  by  the  dispersion  observed  in  constant  energy 
maps  for  different  binding  energies,  where  the  strong  lines 
close  in  towards  Y  and  the  weaker  lines  towards  X  or  Y  [1,4]. 

X  and  Y  points  acting  like  T  points,  in  a  simplified  picture, 
corresponds  to  a  reduction  of  the  Brillouin  zone  and  in  real 
space  to  a  larger  unit  cell.  This  is  the  case  if  the  Cu  lattice  is 
occupied  with  antiferromagnetically  (AF)  correlated  spins. 
The  fine  lines  observed  on  the  FS  also  coincide  with  SB 
predicted  for  AF  correlated  metals  by  Kampf  and  Schrieffer 
[5]  and  are  compatible  with  the  result  of  an  analysis  of  this 
model  by  Haas,  Moreo  and  Dagotto  [6]  using  Monte  Carlo 
and  exact  diagonalisation  techniques. 

However,  also  a  reconstruction  of  the  atomic  structure 
with  the  same  change  of  the  unit  cell  is  expected  to  have 
the  same  consequences  on  the  FS.  Note  that  our  experi¬ 
ment  does  not  specifically  detect  the  magnetism  and  there- 
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fore  cannot  distinguish  between  the  two  effects.  Truly  mag¬ 
netic  measurements  are  necessary  or  experiments  on  com¬ 
pounds  with  well  known  structures  without  modulation  re¬ 
lated  complications. 

The  banana-like  features  near  T  and  Z  have  been  identified 
in  Ref.  [4]  as  due  to  the  incommensurate  ”5x1”  lattice  mod¬ 
ulation  along  the  crystal  b  axis.  This  can  be  imderstood  as 
follows:  Changing  the  periodicity  in  real  space  will  influ¬ 
ence  the  repeat  period  of  features  in  reciprocal  space  ac¬ 
cordingly.  The  modulation  therefore  induces  replicas  of  the 
FS  displaced  corresponding  to  the  new  periodicity.  Then, 
the  banana-like  features  can  be  imderstood  as  the  appear¬ 
ance  of  such  replicas  of  the  main  FS.  [4] 

We  have  carried  out  FS  mapping  experiments  on  lead-doped 
samples  with  a  Pb  to  Bi  ratio  of  0.42:1.73  and  a  Tc  of  83K. 
[7]  These  crystals  are  modulation-free  and  the  idea  was  to 
obtain  a  structurally  simplified  situation  and  through  this 
clarity  on  the  influence  of  the  modulation  on  the  SB.  Figure 
1(c)  displays  the  FS  mapping  on  such  a  crystal.  Clearly,  the 
shadow  bands  are  still  present  whereas  the  modulation  re¬ 
lated  banana-like  features  do  not  appear.  Transmission  elec¬ 
tron  microscopy  and  low  energy  electron  diffraction  mea¬ 
surements  (not  shown)  on  these  Pb  doped  samples  show  no 
indication  of  modulation  related  superlattice  spots.  How¬ 
ever,  faint  diffraction  spots  occur  corresponding  to  a  larger 
real  space  layer  unit  cell  with  a  lattice  constant  of  about 
5.4  A.  Such  a  layer  unit  cell  is  identical  to  the  one  assumed 
in  the  model  of  AF  correlations.  Thus,  the  Pb  doping  pro¬ 
vides  the  intended  elimination  of  the  modulation  but  it  also 
introduces  a  larger  layer  unit  cell  than  the  primitive,  Cu-O 
plane  related  one  with  a  lattice  constant  of  about  3.8  A. 
Therefore,  there  are  also  arguments  for  a  structural  origin 
of  SB  in  these  crystals  and  the  situation  is  not  clear-cut. 
If  all  layers  in  the  crystal  have  the  larger  unit  cell,  main 
bands  and  SB  on  the  FS  should  exhibit  almost  identical  in¬ 
tensities.  This  is  clearly  not  the  case.  More  structural  infor¬ 
mation  is  needed  to  determine  the  atomic  arrangement  in 
this  Pb-doped  unmodulated  high  Tc  superconductor.  While 
there  is  evidence  for  a  larger  layer  unit  cell  somewhere  in 
the  three-dimensional  imit  cell  AF  spin  correlations  remain 
a  probable  origin  of  the  SB. 


3.  CONCLUSIONS 

Essential  findings  of  our  angle-scanned  photoemission 
experiments  [1]  are:  (i)  no  pronounced  nesting  is  observed, 
(ii)  the  observation  of  a  weak  superstructure  on  the  FS 
which  coincides  with  SB  predicted  by  Kampf  and  Schrief- 
fer  [5]  based  on  the  presence  of  AF  spin  fluctuations  in  the 
metallic  state,  and  (iii)  the  identification  of  a  second  super¬ 
structure  on  the  FS  as  due  to  the  incommensurate  lattice 
modulation  present  in  the  Bi-cuprates  [4]. 

Measurements  on  Pb-doped,  modxilation  free  crystals 
also  exhibit  the  SB.  These  crystals,  however,  exhibit  weak 
diffraction  spots  corresponding  to  a  layer  unit  cell  identical 


Fig.  1.  (a)  Bi2212  k|[  mapping  of  the  Hel  (21.2  eV)  excited  pho¬ 
toelectrons  collected  within  an  energy  window  of  about  30  meV 
centered  at  Ep.  A  logarithmic  intensity  scale  is  used  to  enhance 
weaker  features,  (b)  Outline  of  (a)  indicating  high  symmetry  points 
and  different  sets  of  lines,  (c)  Same  as  (a)  but  for  a  modulation-free 
lead-doped  sample  (see  text). 


to  the  one  for  a  model  with  AF  correlated  spins.  While  this 
does  not  rule  out  AF  correlations  in  the  Cu-O  planes  it 
does  not  clarify  the  situation.  More  structural  information 
is  required,  truly  magnetic  measurements  and/or  FS  maps 
on  samples  not  presenting  structural  difficulties. 
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Abstract — ^This  paper  presents  an  improved  Fermi  liquid  lineshape  analysis  of  the  ARPES  spectra  of  IT- 
TiTe2,  and  a  brief  overview^  of  recent  efforts  to  identify  Luttinger  liquid  type  behavior  in  photoemission 
spectra  of  quasi  one-dimensional  materials  such  as  K0.3M0O3. 


1.  INTRODUCTION 

A  currently  exciting  topic  in  condensed  matter  physics  is  the 
possibility  [1]  that  its  fundamental  paradigm  for  describing 
electrons  in  solids,  the  Fermi  liquid  (FL)  theory  [2],  may 
fail.  As  developed  in  the  spectral  analysis  of  Luttinger  [3], 
the  spectral  weight  p(k,  co)  of  the  k-resolved  single  particle 
Greenes  function  G(k,  co)  [4]  has  definite  characteristics  for 
a  FL.  With  careful  attention  to  certain  important  techni¬ 
cal  difficulties  [5],  which  are  minimized  in  quasi  low  dimen¬ 
sional  materials,  angle-resolved  photoemission  spectroscopy 
(ARPES)  can  be  used  to  measure  p(k,  co)  below  the  Fermi 
energy  £>  and  thus  ARPES  is  in  principle  a  very  direct  ex¬ 
perimental  probe  for  Fermi  liquid  behavior,  or  its  absence. 
The  slowly  falling  tails  of  the  ARPES  lineshapes  of  the  quasi 
two  dimensional  superconducting  cuprates,  which  are  much 
too  large  to  be  ascribed  to  inelastic  electron  scattering  [6,7], 
have  been  proposed  to  signal  a  deviation  from  FL  behav¬ 
ior,  from  the  viewpoints  of  the  marginal  Fermi  liquid  phe¬ 
nomenology  [8]  and  the  Luttinger  liquid  (LL)  [9].  These  as¬ 
pects  of  ARPES  lineshapes  have  received  only  limited  study 
in  the  past,  posing  a  clear  challenge  to  ARPES  workers 
to  develop  further  evidence  and  understanding.  This  paper 
focuses  on  the  differences  between  the  FL  and  the  LL,  as 
viewed  by  ARPES. 


2.  FERMI  UQUID  CASE:  TiTei 

TiTe2  is  a  layered  compound  which  is  a  semimetal  due  to 
a  small  energetic  overlap  of  a  set  of  nominally  Te  p  bands 
and  one  orbitally  non-degenerate  Ti  3d  band.  Its  transport 
properties  give  no  indication  of  any  behavior  lying  outside 
of  the  FL  framework  [10].  In  previous  work  with  our  col¬ 
laborators  [11],  we  have  measured  at  low  temperature  and 
with  high  resolution  the  ARPES  spectra  of  the  Ti  3d  band 
as  it  crosses  Ef  along  a  direction  in  k-space  where  there  are 
no  other  bands  to  produce  interfering  or  overlapping  spec¬ 
tral  structures.  The  spectra  are  essentially  free  of  inelastic 


Fig.  1.  (a)  Spectral  function  for  the  Green’s  function  of  eq.  (2). 
(b)  The  trajectories  of  the  two  poles  derived  from  eq.  (2)  and  k- 
independent  Z,  shown  here  for  g/Z  =  2.1.  The  X’s  show  the  poles 
for  k=ki7. 


backgrounds,  consistent  with  the  arguments  of  [6]  and  [7]. 
Ref  [11]  also  reported  an  analysis  aimed  at  establishing  the 
near  kj?  spectra  as  a  standard  showing  FL  behavior.  This 
section  explores  an  improved  analysis  which  considerably 
elucidates  the  original  aim. 

The  previous  analysis  used  the  simplest  FL  ansatz, 
in  which  p(k,  co)  is  calculated  as  (l/7T)ImG(k,  co)  where 
(7(k,  a))=(co  -  Ck  -  21)“^  and  the  self  energy  S  has  the 
k-independent  FL  Taylor’s  series  form  Zr  =  aco  -f* 

For  k  =  ki?  (i.e.  6k  =  0)  G'r(k,  co)  has  a  simple  two  pole 
structure,  with  real  residues: 


GrCkj?,  co) 


Z _ Z 

CO  -  /0+  CO  +  ilP' 


(1) 


Here  Z  =  1/(1  -  (x)  and  =  Zp.  pri^F,  co)  is  as  shown 
in  Fig.  1(a),  with  the  parameters  Q  and  A  (defined  below) 
set  to  2Z  and  1/jS',  respectively.  One  sees  the  FL  property 
as  described  by  Luttinger,  of  a  perfectly  sharp  quasiparticle 
peak  with  weight  Z.  There  is  also  a  Lorentzian  incoherent 
spectrum  of  weight  Z  and  width  2/^'  centered  on  Ejr.  This 
ansatz  was  found  [11]  to  describe  the  spectra  for  k  near  kjr 
very  well,  using  a  fixed  value  of  =  40eV“^  and  varying 
only  6k.  The  experimental  energy  and  angular  resolutions 
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were  treated,  respectively,  by  convolution  with  a  resolution 
function  and  by  an  appropriate  sum  over  k,  requiring  iter¬ 
ative  fitting  to  self-consistency.  [12]  An  important  point  is 
that  the  shape  of  the  spectra  approaching  Ef  is  determined 
entirely  by  the  experimental  resolutions,  so  that  is  deter¬ 
mined  by  the  high  binding  energy  tail  arising  from  the  in¬ 
coherent  part.  For  k  far  from  kj?  the  theoretical  lineshapes 
were  found  to  differ  from  the  data  qualitatively. 

A  great  conceptual  shortcoming  of  this  ansatz  is  that, 
due  to  truncating  S,  GrCk,  co)  has  a  pole  in  the  lower  half 
plane,  and  is  causal  only  for  o)  <  1/^',  which  is  less  than 
the  range  over  which  the  data  were  fit.  An  associated  prob¬ 
lem  is  that  the  total  weight  of  the  spectrum  is  not  1 ,  but  2Z, 
which  could  even  exceed  1.  Further,  the  total  weight  is  not 
constant,  but  decreases  as  k  departs  fromkir.  The  simplest 
causal,  normalized  G(k,  co)  consistent  with  the  FL  idea  can 
be  generated  [13]  by  starting  with  a  p(k,  co)  for  k  =  kj?  that 
is  identical  to  pr(kj?,  co)  except  that  the  Lorentzian  has  a 
generalized  width  A  and  its  weight  is  set  to  g  “  rather 
than  Z,  as  in  Fig.  1(a).  Thus  the  weight  of  p(k,  co)  is  nor¬ 
malized  to  g,  which  can  be  set  to  1  or  less  than  1,  depend¬ 
ing  on  whether  or  not  the  experimental  spectrum  being  an¬ 
alyzed  is  thought  to  contain  all  the  spectral  weight.  Using  a 
well-known  causal  back-transform  connecting  p(k,  co)  and 
G(k,  co)  [4],  one  then  calculates  the  corresponding  causal 
G(\iF,  co)  and  finds  again  a  simple  two-pole  function  with 
causal  poles  and  real  residues. 

G(kF.  CO)  _  Z  1  Z  1 

g  Q(jo  -  iO^  Q  (JO  -  iA 

Z(co)  for  k=kF  can  then  be  extracted  from  Gfkj?,  co)  and, 
again  assuming  S  to  be  k-independent  near  the  Fermi  sur¬ 
face,  used  to  calculate  G(k,  co)  and  p(k,  co)  for  k  different 
from  kiT.  As  discussed  further  below,  this  S  differs  greatly 
from  Sr  for  large  co.  For  small  co  it  retains  the  Sj-form 
withZ  =  l/(l-o()  and^'  =  Z^  =  (g/Z-1) /A.  More  fun¬ 
damentally,  if  the  incoherent  Lorentzian  spectrum  of  Fig. 
1(a)  is  generalized  further  to  Pmc(kr,  co)  =  (g  -  Z)g(co), 
where  g(co)  is  a  function  of  integrated  weight  1,  one  can 
show  that  p'  =  Zp  -  (7r/Z)pwc(kr,  0)  =  (g/Z  -  l)TTg(O). 
This  makes  precise  the  extent  to  which  FL  behavior  can 
be  shown  by  this  analysis  for  TiTe2.  For  the  Lorentzian 
case,  which  is  shown  below  to  fit  the  spectral  tails  in  TiTea, 
g(0)  =  1/(ttA).  Determining  A  and  Z/g  from  the  tails 
yields  thereby  an  estimate  for  g(0)  and  P'.  But  note  that  if 
g(co)  continues  from  the  fitted  energy  range  to  any  finite 
value  at  CO  =  0,  FL  behavior  obtains. 

For  k  near  ki?  it  is  not  surprising  that  p(k,  co)  produces 
an  excellent  least  squares  fit  of  the  kj?  spectrum  with  val¬ 
ues  similar  to  the  ones  found  previously  [11]  for  pr(k,  co), 
g/Z  =  2.1  and  P'  =  17  eV“^  This  fit  is  shown  for  the 
e  =  14.15°  spectrum  in  Fig.  2,  identified  [11]  as  having 
kF  nearly  centered  in  the  k-resolution  window  because  it 
shows  the  minimum  width  and  the  nearest  approach  to  Ef^ 
In  marked  contrast  to  the  spectra  of  high  Tc  cuprates,  the 
lineshape  tail  falls  quadratically.  Keeping  these  parameters 
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E  -  Ef  (meV) 

Fig.  2.  Fits  of  Ti  3d  derived  conduction  band  of  TiTe2,  as  described 
in  the  text.  The  spectra  are  normalized  to  the  same  maximum 
height. 

fixed  and  allowing  only  to  vary,  one  finds  very  poor  fits 
of  the  structured  experimental  lineshapes  for  k  far  from 
kF.  However,  if  one  also  allows  the  parameters  p'  (or  A) 
and  g/Z  to  vary  with  k,  one  can  achieve  excellent  least 
squares  fits  of  all  the  spectra,  as  shown  in  Fig.  2,  with¬ 
out  making  any  other  change  in  the  ansatz.  Note  that  with 
the  unknown  total  weight  g  factored  out,  G(k,  co)  /  g  = 
1  /  ( ( G(ki7,  co)  /  g)  g^k) ,  and  the  appropriate  parameters 

are  Z/g,  A,  and  g^k.  With  few  anomalies,  the  parameters 
vary  smoothly  with  k,  as  shown  in  Table  1.  The  surprising 
and  non-intuitive  result  that  this  ansatz  can  produce  the 
structured  lineshapes  for  k  far  from  kF  has  been  reported 
previously  [14],  but  without  further  elucidation. 

The  origin  of  the  structured  lineshapes  is  the  following. 
As  6k  changes  from  0  the  poles  of  G(k,  co)  shift  in  the 
complex  CO -plane  as  shown  in  Fig.  1(b),  with  the  interesting 
behavior  that  the  pole  evolving  from  the  quasiparticle  pole 
at  kF  bends  backward  to  remain  close  to  the  Im(co)  axis. 
Because  in  addition  the  residues  become  complex,  there 
is  interference  between  the  contributions  to  p(k,  co)  from 
each  pole,  the  details  depending  mostly  on  g/Z.  For  g/Z 
roughly  in  the  range  of  that  for  the  fit  for  the  kjr  spectrum, 
one  finds  that  as  l6kl  increases  from  zero  the  movement 
of  the  poles  and  the  effect  of  interference  in  the  weights 
conspire  so  that  there  is  a  single  peak  moving  away  from 
Ef  and  broadening,  much  as  we  found  [11]  for  pr(k,  co) 

.  However,  for  larger  g/Z  one  finds  a  sharing  of  weight 
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en 

kp-k 

(A-') 

Z/Q 

A 

(meV) 

Qeii 

(meV) 

13.0 

0.06 

0.48 

34 

37 

14.0 

0.02 

0.48 

20 

25 

14.75 

0.00 

0.48 

62 

-18 

15.5 

-0.03 

0.28 

27 

-21 

16.0 

-0.05 

0.40 

33 

-25 

17.0 

-0.08 

0.35 

40 

-47 

18.0 

-0.12 

0.27 

47 

-55 

20.0 

-0.19 

0.23 

68 

-76 

21.0 

-0.22 

0.22 

72 

-78 

25.0 

-0.36 

0.19 

107 

-102 

26.0 

-0.39 

0.15 

93 

-90 

27.5 

-0.44 

0.14 

96 

-91 

Table  1.  Fit  parameters  (Z/2,  A,  get)  for  Fig.  2. 


T  (K)  CO  (meV) 

(a)  (b) 

Fig.  4.  (a)  The  resistivities  calculated  (solid  lines)  for  TiTe2  with 
1.T  in  [10]  and  with  the  causal  Z,  compared  to  experiment  (data 
points)  [15],  as  explained  in  the  text,  (b)  ZlmS(co)  for  the  Zt  fit 
in  [11]  and  for  the  causal  Green's  function  fit  based  on  Eq.  (2). 


Fig.  3.  nic  obtained  from  the  fits  of  Fig.  2,  assuming  g  =  1  for  all 
k.  The  fit  parameters  were  modeled  with  polynomials  to  obtain 
a  continuous  function.  The  filled  circles  show  the  effect  of  our 
finite  angular  resolution.  The  pluses  show  the  (scaled)  areas  from 
ARPES.  Shown  in  the  upper  panel  is  the  area  (crosses)  divided 
by  njc  (filled  circles),  i.e.,  the  matrix  element  if  g  =  1  for  all  k. 

between  the  two  poles  so  as  to  produce  a  two-structure 
lineshape  having  considerable  weight  near  even  for  k  far 
from  k/r,  just  as  occurs  in  the  data.  Varying  tunes  the 
separation  of  the  two  structures  to  produce  a  good  fit.  Thus 
these  structured  lineshapes  are  latent  in  this  ansatz  and  the 
additional  k-dependence  of  the  parameters,  introduced  in 
the  fitting,  acts  only  to  tune  to  the  desired  weight-sharing 
regime  and  to  adjust  the  energy  scale. 

Having  obtained  good  fits  for  a  properly  normalized 
G(k,  to),  one  can  then  calculate  a  relative  occupation  num¬ 
ber  g«k,  where  Wk  is  [4]  the  integral  of  p(k,  co)  for  u)  less 
than  In  this  connection,  note  that  the  spectra  fitted 
include  ones  for  which  k  is  outside  the  Fermi  surface  but 
where  there  is  nonetheless  weight  below  Ef  as  discussed  in 
[11].  The  solid  line  in  the  bottom  panel  of  Fig.  3  shows  the 


resulting  g^k,  plotted  for  g  =  1.  The  filled  circles  show  the 
effect  of  our  finite  k-resolution  for  directly  measuring  and 
the  pluses  show  the  actual  measured  areas  of  the  spectra. 
The  difference  reveals  the  fact  that  the  data  fitting  requires 
also  an  overall  scale  factor  which,  in  this  ansatz,  must  be 
attributed  to  a  k-dependence  of  the  photoemission  cross- 
section,  if  k-independent  g  is  assumed.  The  modest  and 
smooth  variation  of  this  factor,  shown  on  a  relative  scale  in 
the  upper  panel,  is  reasonable  based  on  general  experience 
except  perhaps  for  the  tendency  to  a  minimum  at  kjr.  Note 
that  the  k  at  which  the  ARPES  area  has  decreased  by  1/2 
is  definitely  not  k/?,  in  contrast  to  the  assumption  which  is 
used  increasingly  in  kj?  determinations  for  high  Tc  materials. 

In  principle  an  energy  dependence  of  ImS  implies 
a  temperature  (T)  dependence  of  the  dc  resistivity 
p(T).  For  the  case  ImZ  =  FL  arguments  lead 

to  p  =  It)  with  m*  =  mjZ  and  (1/t)  = 

2Z  ImS  =  2pZ[(jcP-  +  (TtkBT)^.  Then  one  has  p(T)= 
2imlne^)(TTkB)^PT^,  The  authors  of  [10]  have  calculated 
p(T)  for  TiTe2,  assuming  our  Sr  [H]  applies  to  the  entire 
Fermi  surface,  computing  from  an  LDA  bandstructure  the 
average  Fermi  velocity  which  gives  n/m,  and  taking  for  P 
our  experimental  p'.  They  compared  their  result  with  ex¬ 
perimental  data  [15]  and  found  a  large  disagreement  at  high 
T,  a  result  reproduced  in  Fig.  4(a).  Fig.  4(b)  shows  the  large 
difference  at  large  co  between  the  purely  co^ -dependence  of 
ImSr  from  [11]  and  that  of  the  causal  S  obtained  above. 
Fig.  4(a)  also  shows  the  p(T)  obtained  if  the  causal  S  is 
used  in  place  of  Sr,  again  taking  P  =  P'  for  a  consistent 
comparison,  and  if  one  is  willing  to  speculate  that  the 
co-dependence  of  ImS  can  be  a  guide  to  the  T  dependence 
of  p(r)  even  away  from  the  co^  regime.  The  causal  S  es¬ 
sentially  eliminates  the  large  disagreement  with  experiment 
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implied  by  Sr.  However,  the  numerical  agreement  should 
not  be  taken  too  seriously  because  a  detailed  treatment 
should  account  for  the  probably  different  lifetimes  on  the 
Te  p  and  Ti  d  parts  of  the  Fermi  surface,  as  well  as  for  the 
considerable  difference  between  P  and  p'. 


3.  LUrnNGER  LIQUID  CASE 

The  Luttinger  liquid  generalization  [16]  of  the  Tomonaga 
Luttinger  (TL)  model  [17]  of  a  one  dimensional  (1-d)  in¬ 
teracting  electron  gas  provides  the  theoretical  paradigm  of 
non-Fermi  liquid  behavior  for  a  lattice.  Anderson  has  pro¬ 
posed  [1,9]  that  this  Luttinger  liquid  behavior  extends  also 
to  quasi  2-d  systems,  e.g.  the  high  Tc  cuprates.  The  form  of 
p(k,  to)  for  the  LL  [18,19]  differs  greatly  from  that  of  the 
FL  because  the  LL  excitation  spectrum  has  no  quasiparti¬ 
cles  and  there  are  only  uncoupled  collective  excitations  of 
the  spin  and  charge  density,  sometimes  called  spinons  and 
holons,  respectively.  The  addition  or  removal  of  an  electron 
of  momentum  k  results  entirely  in  holon-spinon  pair  gen¬ 
eration.  The  kinematics  of  this  process  lead  in  general  to 
p(k,  co)  having  two  peaks  with  energies  which  reflect  the 
holon  and  spinon  dispersions,  and  the  dynamics  produce 
lineshapes  which  are  edge  singularities  with  power  law  de¬ 
cay  to  high  energy.  For  k  away  from  kr  there  is  no  weight 
between  Ef  and  the  lowest  energy  singularity,  and  in  con¬ 
sequence  the  k-integrated  single  particle  spectrum  goes  to 
zero  at  £>  as  a  power  law  with  a  non-universal  exponent, 
commonly  denoted  «  (different  from  the  a  of  the  preced¬ 
ing  section)  [18,19],  even  though  the  system  is  metallic.  Al¬ 
though  the  vanishing  weight  at  Ef  is  not  observed,  or  not 
resolved,  in  the  k-integrated  spectra  of  the  high  Tc  cuprates, 
Anderson  [9,20]  has  proposed  that  the  slowly  falling  tails 
and  certain  other  features  of  their  ARPES  lineshapes  are 
manifestations  of  LL  dynamics  and  kinematics,  respectively. 

Several  quasi- 1-d  compounds  such  as  KojMoOspl], 
Lio.9Mo60i7  [22],  TasSegl  [21,23],  and  (TMTSF)2PF6  [24] 
do  indeed  show  vanishing  single  particle  weight  at  Ei^,  as 
measured  by  photoelectron  spectroscopy  (PES).  For  only 
one  of  these  materials,  the  organic  (TMTSF)2PF6,  is  there 
independent  evidence  [25]  of  Luttinger  liquid  behavior.  For 
the  others,  which  are  inorganic,  the  situation  is  complicated 
by  the  fact  that  they  show  charge  density  wave  (CDW)  tran¬ 
sitions  which  signal  the  presence  of  q=2kF  electron-phonon 
interactions.  As  is  carefully  discussed  in  [21]  various  mech¬ 
anisms  deriving  from  electron-phonon  interactions,  such 
as  polaron  formation  [26]  or  a  CDW  pseudogap  [27],  may 
also  result  in  low  spectral  weight  at  E/7.  Thus  it  is  difficult 
to  infer  Luttinger  liquid  behavior  from  the  k-integrated 
PES  spectrum  alone,  but  ARPES  spectra  could  be  de¬ 
cisive.  ARPES  spectra  to  date,  e.g.  of  Ko.3Mo03[28,29], 
Lio.9Mo60i7  [22],  Ta2Se8l  [23],  have  not  shown  features 
which  could  be  identified  with  holon  or  spinon  dispersion. 

We  point  out  here  a  simple  and  potentially  useful  rela¬ 
tion  between  the  a  of  the  k-integrated  spectrum  and  the 


magnitude  of  the  holon  dispersion.  This  relation  is  an  im¬ 
portant  part  of  arguments  to  identify  holon  dispersion  in 
ARPES  spectra  of  K0.3M0O3.  [30]  For  the  TL  model  with 
a  repulsive  spin-independent  interaction,  algebraic  manipu¬ 
lation  of  relations  in  [18]  or  [19]  shows  that  the  holon  Fermi 
velocity  Vfc  is  §V/7  where  v/?  is  the  underlying  one-electron 
Fermi  velocity  and  a  =  (l/4)[§  -I-  -  2].  The  spinon 

Fermi  velocity  is  just  V/?.  Analyzing  the  near  £>  k-integrated 
spectrum  of  K0.3M0O3  [21],  one  finds  power  law  behavior 
with  « =0.9 ±0.1  extending  to  about  200  meV.  This  value  of 
a  is  considerably  larger  than  would  occur  for  a  short  ranged 
interaction  such  as  one  has  in  the  Hubbard  model  [31],  but 
it  is  consistent  with  the  even  larger  value  (1.25)  found  ex¬ 
perimentally  for  (TMTSF)2PF6  from  nuclear  magnetic  res¬ 
onance  [25]  and  PES  data  [24].  There  are  strong  theoreti¬ 
cal  indications  [32]  that  large  a  values  can  result  from  long 
range  Coulomb  interactions.  For  this  value  of  «  one  finds 
that  §=5.4.  As  reported  and  discussed  in  detail  in  [30],  new 
ARPES  spectra  for  K0.3M0O3,  obtained  with  our  collabo¬ 
rators,  show  a  feature  with  nearly  this  anomalously  large 
dispersion,  relative  to  predictions  [33]  from  band  theory.  In 
this  connection,  it  is  notable  that  Voit  [34]  has  discussed 
other  evidence  for  spin-charge  separation  in  K0.3M0O3. 
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Abstract— We  have  carried  out  first-principles  angle-resolved  photo-intensity  computations  in  a  number  of 
high-Tf  compounds.  This  article  provides  an  overview  of  some  of  the  results  of  current  interest  in  connection 
with  the  relevant  photoemission  data.  Specific  issues  discussed  are:  (i)  surface  states  in  Ndi-xCcxCuO^,  (ii) 
extended  van  Hove  singularity  in  YBaiCuAO^  at  the  Y-point,  (iii)  signature  of  Cu02  plane  bands  in  the 
cuprates,  and  (iv)  constant  initial  state  photoemission  spectra. 


Keywords:  A:  High-T^.  superconductors,  C:  ab  initio  calculations,  photoelectron  spectroscopy,  D:  Fermi 
surface,  surface  properties 


1.  INTRODUCTION 

Angle-resolved  photoemission  spectroscopy  (ARPES)  is 
continuing  to  make  important  contributions  towards  un¬ 
derstanding  the  electronic  structure  of  the  normal  as  well 
as  the  superconduting  state  of  the  high-71s.[l-4]  Progress 
in  answering  a  number  of  crucial  questions  has  been 
possible  by  analyzing  lineshapes,  polarization  and  energy 
dependences,  and  other  spectral  details,  even  if  in  some 
cases  near  the  limits  of  energy  and  momentum  resolution 
of  the  current  ARPES  setups.  Given  the  complexity  of  the 
spectra,  especially  when  we  are  dealing  with  systems  as 
complicated  as  the  high-Tl-s,  it  is  obvious  that  theoretical 
modelling  of  the  ARPES  spectra  will  greatly  aid  in  the 
interpretation  of  the  data. 

So  motivated,  we  are  pursuing  theoretically  the  investiga¬ 
tion  of  ARPES  spectral  intensities  in  the  high-7;.s.[5~7]  For 
this  purpose  we  have  generalized  the  one  step  model  of  pho- 
toemission[8,9]  to  treat  arbitrarily  complex  lattices.[5,7,10] 
In  this  approach,  the  emission  process  is  properly  treated 
as  a  quantum  mechanical  event  involving  an  interaction  be¬ 
tween  the  external  radiation  field  and  the  electron  gas  in  a 
semi-infinite  solid.  In  particular,  the  computations  include 
lifetimes  of  the  initial  and  final  states,  use  the  full  crystal 
wave  functions,  and  take  into  account  multiple  scattering 
effects  in  the  presence  of  the  surface.  By  and  large,  the  re¬ 
sults  presented  in  this  article  implicitly  invoke  the  local  den¬ 
sity  approximation  (LDA),  although  simulations  to  assess 
correlation  effects  have  been  carried  out  in  a  few  instances. 
We  emphasize  however  that  our  first-principles  method¬ 
ology  allows  incorporation  of  correlation  effects  relatively 
straightforwardly,  especially  if  the  self-energy  correction  to 
the  crystal  potential  is  assumed  to  be  only  energy  (rather 
than  energy  and/or  k)  dependent.  It  is  important  of  course 


to  consider  effects  of  correlations  beyond  the  LDA  on  the 
spectra  since  the  undoped  parent  compounds  are  predicted 
by  the  LDA  to  be  metallic  in  most  high  T^s  contrary  to  the 
physically  observed  insulating  phases. 

The  applications  of  the  theory  considered  in  this  arti¬ 
cle  concern  some  issues  of  current  interest  to  the  high-Tc 
community.  The  specific  topics  are:  (i)  Surface  states  (SSs) 
in  Ndi-xCexCuO^  (NCCO).  Our  computations[7]  predict 
the  presence  of  SSs  on  the  (OOl)-surface  of  NCCO,  and 
suggest  clearly  for  the  first  time  that  a  rich  variety  of  SSs 
can  exist  in  complex  systems  with  implications  for  vari¬ 
ous  physical  properties,  (ii)  The  van  Hove  singularity  in 
YBa2Cu40s{Y\24).  Direct  comparisons  between  the  mea¬ 
sured  and  computed  ARPES  spectra[6]  show  that  Y 124  pos¬ 
sesses  an  extended  van  Hove  singularity  at  the  Y-symmetry 
point  arising  from  Cu02  planes.  Such  a  singularity  in  the 
density  of  states  could  provide  a  simple  mechanism  for 
the  occurrence  of  high  T^s  in  the  cuprates,  (iii)  Signature 
of  Cu02  plane  bands.  We  argue  that  the  ARPES  data  in 
YBaiCu^On  (Y123)  and  Y124  is  most  sensibly  interpreted 
as  containing  the  signature  of  two  rather  than  one  Cu02 
plane  bands.[5]  The  characteristic  polarization  dependence 
of  the  plane  band  signal  is  delineated,  (iv)  Constant  ini¬ 
tial  state  (CIS)  spectra.  ARPES  data  in  this  form  have  re¬ 
cently  drawn  attention  with  the  work  of  Ref  1 1 .  We  present 
the  first  calculation  of  a  high  quality  CIS  spectrum  from 
Cu(lll)  as  a  step  towards  understanding  the  nature  and 
promise  of  the  CIS  spectroscopy  more  generally. 

Within  the  limitations  of  space,  this  article  gives  a  brief 
overview  of  some  of  the  relevant  results  concerning  issues 
outlined  in  the  preceding  paragraph.  Much  of  this  work  has 
been  or  will  be  presented  in  greater  detail  elsewhere. [5-7] 
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Fig.  1 .  A  set  of  theoretical  ARPES  spectra  from  the  Nd-compound 
for  four  different  terminations  of  the  (OOl)-surface.  The  inset  shows 
the  schematic  arrangement  of  layers  in  the  lattice.  SSI  and  SS2 
denote  two  different  surface  states,  and  B  a  bulk  peak  related  to 
Cu02  plane  bands.  The  spectra  are  for  hv-\l  eV,  for  an  emission 
angle  of  16^^  along  the  T-  A"  line.  The  dashed  vertical  line  marks 
the  Fermi  energy  in  NCCO  for  15%  Ce  doping.  The  spectra  have 
not  been  folded  with  the  Fermi  function. [After  Ref  7], 


2.  SURFACE  STATES  IN  Ndi-^Ce^CuO^ 

A  few  words  concerning  the  significance  of  SSs  in  con¬ 
nection  with  the  ARPES  data  are  appropriate  first.  The 
possible  presence  of  SSs  in  the  vicinity  of  the  Fermi  en¬ 
ergy  {Ef)  would  complicate  the  mapping  of  bulk  bands  and 
Fermi  surfaces  since  the  SSs  generally  disperse  much  like 
the  bulk  states  as  a  function  of  k\\.  Also,  the  SSs  would  in¬ 
fluence  lineshapes,  making  it  more  difficult  to  deduce  the 
size  and  symmetry  of  the  order  parameter  from  the  ARPES 
data.  Finally,  we  note  that  SSs  may  induce  higher  in 
the  surface  layer  and  cause  tunneling  measurements  to  be 
sensitive  to  the  specifics  of  the  experimental  geometry  in 
various  methods. [12] 

Figure  1  shows  a  typical  set  of  calculated  ARPES  spec¬ 
tra  from  the  (OOl)-surface  of  NCCO  where  all  four  unique 
ideal  terminations  for  the  body  centered  tetragonal  NCCO 
lattice  are  considered.  Since  the  spectra  have  not  been  folded 
with  the  Fermi  function,  only  the  peaks  below  Ef  would 
be  observable  in  an  ARPES  measurement,  the  peaks  above 
Ef  are  relevant  for  an  inverse  ARPES  experiment.  SSI  and 
SS2  are  surface  state  peaks  while  B  is  a  bulk  feature  which 
arises  from  the  Cu02  planes.  SSI  and  SS2  possess  the  char¬ 
acter  of  Shockley  type  surface  states[13],  i.e.  these  states 
are  the  result  of  changed  boundary  conditions  which  al¬ 
low  new  states  localized  in  the  surface  region  to  come  into 
existence  when  the  bulk  crystal  is  terminated.  The  nature 
of  the  topmost  layer  is  then  obviously  important,  and  in 
NCCO  only  the  Nd-terminated  surfaces  appear  to  admit 
SSs,  the  order  of  layers  in  the  case  of  SS2  and  SS 1  being 


Fig.  2.  The  polarization  dependence  of  the  surface  state  SSI  of 
Fig.  1,  see  caption  to  Fig.  1  for  notation  and  other  relevant  details. 
Non-zero  components  of  the  vector  potential  A  are  indicated  on 
each  curve;  s-polarized  light  corresponds  to  ~  0,  p-polarized 
light  to  0.  Av  is  parallel  to  the  FY  symmetry  direction.[After 
Ref.  7]. 


Nd/02/Nd/Cu02  and  Nd/Cu02/Nd/02  respectively  (see  in¬ 
set).  For  the  A:||  value  of  Fig.  1,  SS2  and  SSI  lie  above  and 
below  Ef  respectively.  However,  these  states  possess  consid¬ 
erable  dispersion,  so  that  at  other  k\\  values  both  states  can 
lie  either  above  or  below  Ef. 

We  emphasize  that  although  the  computations  of  Fig.  1 
employ  the  LDA-based  band  theory  framework,  our  main 
conclusion,  namely,  the  existence  of  SSs  in  NCCO,  is  quite 
robust.  In  this  connection,  we  have  simulated  the  effect  of 
correlations  by  adding  ad  hoc  self-energy  corrections  to  the 
Cu  and  0-muffin-tin  potentials  which  shifted  the  Cu-O 
complex  of  bands  by  as  much  as  1  eV,  but  yielded  only 
minor  shifts  (less  than  0.1  eV)  on  SS  positions.[7]  In  order  to 
simulate  the  effect  of  surface  relaxation,  the  relative  position 
of  the  topmost  layer  was  varied  with  respect  to  the  second 
layer  by  as  much  as  10%  of  the  interlayer  spacing,  but 
the  resulting  shifts  in  SS  positions  were  found  to  be  less 
than  a  few  tenths  of  an  eV.  Note  also  that  the  present 
SSs,  being  of  the  Shockley  type,  are  generally  expected  to 
be  insensitive  to  the  nature  of  the  crystal  potential  in  the 
surface  region  in  contrast  to  the  Tamm-  or  dangling-bond 
type  surface  states[14].  These  considerations  indicate  that 
despite  uncertainties  in  the  absolute  computed  positions 
of  the  SSs,  our  prediction  of  their  existence  in  NCCO  is 
fairly  insensitive  to  the  limitations  inherent  in  our  approach. 
Incidently,  similar  computations  in  YBCO  do  not  yield  any 
Shockley-type  SSs. 

Figure  2  delineates  the  polarization  dependence  of  SSI; 
the  results  for  SS2  are  similar  and  are  not  shown  in  the  inter¬ 
est  of  brevity.  SSI  is  seen  to  be  excited  mainly  by  p-polarized 
light,  consistent  with  the  expectation  that  SSs  generally  cou¬ 
ple  with  further,  SSI  is  insensitive  to  the  component  of 
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Fig.  3.  Comparison  of  experimental(a)  and  theoretical(b)  ARPES  spectra  in  Y124  in  the  vicinity  of  the  Ep  for  /cn-values  around  the 
Y-point  as  one  moves  towards  the  F  or  Fi  points.  The  extended  van  Hove  feature  at  the  minimum  binding  energy  of  about  19  meV  at 
Y  is  seen  dispersing  away  from  the  Ep.  Photons  are  polarized  along  the  b-axis  of  the  crystal. [After  Ref.  6]. 


A  in  the  x~y  plane,  compare  the  two  uppermost  curves.  Fig. 
2  also  shows  that  the  bulk  feature  B  possesses  a  substantial 
intensity  only  when  the  incident  photon  has  a  non -zero  Ax 
component,  indicating  that  B  is  not  excited  by  either  Ay  or 
Az,  we  will  return  to  the  polarization  dependence  of  B  in 
Section  4  below. 

It  is  important  to  understand  the  behavior  of  SSI  and 
SS2  as  a  function  of  the  energy  and  polarization  of  the  in¬ 
cident  photon,  as  well  as  the  dispersion  (with  kji)  of  the 
associated  surface  state  bands.  These  characteristics  can  be 
useful  in  identifying  signatures  of  these  states  in  the  ARPES 
data.  We  have  remarked  on  the  polarization  dependence  in 
the  preceding  paragraph,  other  aspects  are  considered  in 
Ref  7  where  it  is  also  shown  that  although  the  existing 
ARPES  data[15-17]  is  consistent  with  the  presence  of  a  sur¬ 
face  state  in  NCCO,  further  ARPES  and  inverse  ARPES 
measurements  will  be  valuable  in  this  connection.  In  partic¬ 
ular,  the  experimental  feature  denoted  by  A  in  Ref  17  may 
reasonably  be  interpreted  as  the  surface  state  SSI  instead 
of  a  Kondo-type  renormalized  heavy  electron  band. 


3.  AN  EXTENDED  VAN  HOVE  SINGULARITY  IN 
Y124  AT  THE  Y-POINT 

In  considering  Y124,  we  note  that  this  compound  is 
closely  related  to  the  more  familiar  Y123.  Y124  contains 
two  parallel  Cu-O  chains  per  unit  cell  compared  to  one 
chain  in  Y123,  otherwise  the  crystal  as  well  as  the  elec¬ 


tronic  structures  of  the  two  materials  are  quite  similar.[18] 
The  crystals  of  Y 124  are,  however,  naturally  un twinned  and 
more  stable  than  Y123,  making  Y 124  an  attractive  system 
from  an  experimental  viewpoint. 

We  discuss  the  nature  of  the  van  Hove  singularity  in  Y 124 
with  reference  to  Figs.  3  and  4  which  compare  theoretical 
and  experimental  ARPES  spectra  around  the  Y-symmetry 
point  along  two  perpendicular  directions,  Y  to  F,  and  Y  to 
S,  respectively.  For  orientation,  F-X-S-Y  is  the  basal  plane 
of  the  Brillouin  zone,  S  denotes  the  zone  comer,  and  FY 
is  parallel  to  the  Cu-O  chains.  A  small  range  of  binding 
energies  (  -150  meV  )  are  considered  in  order  to  highlight 
the  intense  narrow  feature  located  about  19  meV  below 
Ep  in  the  experimental  spectra  which  is  our  main  concern. 
The  characteristic  shapes  of  the  computed  and  measured 
peaks  are  seen  to  be  similar  in  Figs.  3  and  4.  The  peak 
possesses  a  high  intensity  around  the  Y-point  and  rapidly 
broadens  as  it  disperses  below  Ep  in  Fig.  3,  and  above 
Ep  in  Fig.  4.  The  theoretical  dispersion  is  however  greater 
than  the  experiment  which  is  particularly  evident  in  Fig. 
3.  This  'flattening’  of  the  bands  in  the  real  material  is  due 
presumably  to  the  electron  correlation  effects  approximated 
in  the  present  LDA  based  computations. 

The  peak  in  the  theoretical  spectra  of  Figs.  3(b)  and  4(b) 
arises  from  a  bulk  Cu02  plane  band.  The  comparisons  of 
Figs.  3  and  4  indicate  that  the  associated  band  is  nearly 
flat  as  one  moves  from  Y  towards  either  F  or  Fi  (the  F- 
point  in  the  second  Brillouin  zone),  but  that  the  band  is 
roughly  parabolic  in  the  perpendicular  YS  direction.  These 


1858 


A.  BANSIL  &  M,  LINDROOS 


Binding  energy  [meV] 


Binding  energy  [meV] 


Fig.  4.  Same  as  Fig.  3,  except  that  here  the  /:||-values  are  varied  from  Y  towards  the  S  point  in  a  direction  perpendicular  to  that  of 
Fig.  3,  showing  the  spectral  feature  dispersing  towards  the  Fermi  energy.[After  Ref  6]. 


results  thus  establish  the  existence  of  an  extended  van  Hove 
singularity  in  Y124  at  Y  with  a  binding  energy  of  about 
19  meV.  Such  an  extended  saddle  point  would  render  the 
band  structure  quasi-!  D,  making  it  possible  to  explain  the 
occurrence  of  TcS  of  ~100K  even  in  a  weak  coupling  BCS 
scheme. [6, 1 9,20]  We  emphasize  that  although  the  LDA  band 
structure  could  lead  to  a  bifurcated  saddle  point[21],  the 
LDA  by  itself  does  not  appear  to  be  able  to  yield  an  extended 
saddle  point;  however,  the  LDA  bands  could  presumably  be 
renormalized  and  ‘flattened'  by  various  mechanisms[22]. 


4.  SIGNATURE  OF  CuOz  PLANE  BANDS  IN  THE 
CUPRATES 

We  comment  first  on  whether  the  ARPES  data  from  Y123 
and  Bi2212  indicates  the  presence  of  two  Cu02  plane  bands 
or  of  only  one  related  emission  peak.  This  question  is  sig¬ 
nificant  because  some  theoretical  models  of  the  correlated 
electron  gas[23]  suggest  that  the  electrons  in  the  cuprates  be¬ 
come  localized  along  the  c-axis  and  that  the  interlayer  cou¬ 
pling  between  the  planes  is  strictly  zero.  If  so,  the  ARPES 
data  from  the  two  CuOa  planes  should  show  a  single  pho¬ 
toemission  peak.  In  sharp  contrast,  the  conventional  band 
theory  picture,  involves  a  finite  interlayer  coupling  and  an 
associated  splitting  of  the  bands. 

Insofar  as  Bi2212  is  concerned,  we  are  not  in  a  position  to 
delineate  anything  quantitative  since  we  have  not  performed 
photo-intensity  computations  on  this  compound.  However, 
the  splitting  between  the  two  plane  bands  predicted  by  the 


band  theory  in  Bi2212  is  quite  small,  and  may  actually  be 
even  smaller  in  the  real  material,  making  its  observation 
difficult  via  ARPES.  Further,  we  should  keep  in  mind  that 
given  the  intrinsic  broadening  of  lines,  and  various  experi¬ 
mental  constraints  (finite  analyzer  solid  angle,  difficulties  of 
orienting  samples,  etc.),  ARPES  may  not  be  able  to  resolve 
two  very  closely  placed  peaks  even  with  improvements  in 
energy  resolution. 

The  situation  in  YBCO  is  more  favorable  because  the 
splitting  predicted  by  the  band  theory  between  the  two  Cu02 
plane  bands[18]  is  greater  than  in  Bi2212  reflecting  the  more 
3D-nature  of  YBCO.  In  particular,  only  one  of  the  two 
plane  bands  was  involved  in  our  consideration  of  the  van 
Hove  singularity  in  Y124  in  the  preceding  section.  In  Y123, 
detailed  comparisons  between  the  computed  and  measured 
photo-intensities[5]  along  the  F-S  line  show  a  good  overall 
level  of  accord.  Some  of  these  results  are  reproduced  in  Fig. 
5.  The  experimental  feature  B,  Fig.  5(a),  is  interpreted  as  a 
combination  of  the  signal  due  to  the  two  plane  bands  b  and 
b'  in  Fig.  5(b).  With  these  results  in  mind,  we  conclude  that 
the  ARPES  data  from  YBCO  is  most  sensibly  interpreted 
as  containing  the  signature  of  two  rather  than  one  Cu02 
plane  bands. 

The  theoretical  polarization  dependence  of  the  intensity 
of  the  plane  bands  b  or  b’  in  Y123  is  seen  from  Fig.  6  to  be 
in  remarkable  agreement  with  the  measurements.  The  char¬ 
acteristic  signal  depicted  in  Fig.  6  deserves  further  comment 
since  it  may  help  identify  the  presence  of  Cu02  plane  bands 
in  the  ARPES  data  more  generally.  The  fact  that  the  inten¬ 
sity  is  small,  nearly  zero,  for  light  polarized  along  the  FS 
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Fig.  5.  Theoretical  and  experimental  ARPES  spectra  from  Y123  (OOl)-surface  for  incident  light  polarized  perpendicular  to  the  TS 
direction.  The  inset  shows  the  Fermi  surface  of  Y 123  projected  on  to  the  F-X-S-Y  plane;  the  solid  dots  in  the  inset  give  the  /:|| -values 
for  various  spectra  (the  polar  angles  of  detector  also  indicated  on  the  spectra).  The  thick  curves  highlight  the  case  where  the  Cu02 

plane  bands  lie  just  below  [After  Ref  5]. 


Fig.  6.  Comparison  of  computed  (solid  curve)  and  measured  (filled 
circles,  polarization  direction  shown  by  double  arrows)  intensity 
of  the  Cu02  plane  band  feature  in  Y123  as  a  function  of  the 
azimuthal  angle  of  polarization  of  the  incident  light,  keeping  the 
value  of  ^:||  fixed  along  the  FS  direction.  Theoretical  intensity 
shown  is  for  either  of  the  plane  bands  b  or  b’  of  Fig.  5. [After  Ref 

5]. 


line  can  be  argued  on  the  basis  of  selection  rules  obeyed 
by  the  relevant  matrix  element  assuming  perfect  tetragonal 
symmetry.  By  carrying  out  computations  for  various  ter¬ 
minations  of  the  (OOl)-surface  of  Y 123,  Ref  5  shows  that 
the  shape  of  the  theoretical  polarization  curve  of  Fig.  6 
is  quite  insensitive  to  the  relative  placement  of  the  Cu02 
layer  in  relation  to  the  surface,  see  Fig.  6  of  Ref  5.  [The 
intensity  of  the  emission  of  course  decreases  as  the  Cu02 


layer  lies  deeper.]  This  result  is  consistent  with  the  notion 
that  the  electronic  states  in  question  are  more  or  less  two- 
dimensional  in  nature  so  that  these  states  do  not  undergo  a 
substantial  modification  when  the  bulk  crystal  is  terminated 
to  create  a  surface.  Finally,  Fig.  7  shows  the  calculated  po¬ 
larization  dependence  of  the  Cu02  plane  band  feature  B  of 
Figs.  1  and  2  for  NCCO.  The  similarity  of  Figs.  6  and  7 
is  striking.  These  considerations  indicate  that  the  shape  of 
Figs.  6  and  7  is  a  highly  robust  spectral  signature  of  pho¬ 
toemission  from  Cu02  plane  bands  in  the  cuprates.  A  sim¬ 
ilar  polarization  dependence  should  be  obeyed  by  emission 
from  the  Cu02  planes  in  Bi2212;  the  present  situation  with 
regard  to  the  ARPES  data[24-26]  is  unclear  and  should  be 
investigated  further. 


5.  CONSTANT  INITIAL  STATE  ARPES  SPECTRA 

A  constant  initial  state  (CIS)  type  of  an  ARPES  mea¬ 
surement  has  recently  been  reported  in  Ref  1 1  to  investigate 
the  Fermiology  of  high-T^s.  The  idea  is  to  arrange  the  ge¬ 
ometrical  parameters  of  the  experiment  in  such  a  way  that 
photoemission  from  the  vicinity  of  Ep  is  measured  over  a 
fairly  dense  grid  of  k|| -values  in  the  x-y  plane.  It  is  then 
argued  that  rapid  variations  in  the  observed  intensity  can 
be  used  to  track  quasi-particle  excitations  dispersing  across 
the  Fermi  energy  as  a  function  of  ki|.  However,  photoe¬ 
mission  is  a  complex  process  which  involves  energy  and  k 
(crystal  momentum)  conservation  in  the  presence  of  finite 
lifetimes  of  initial  and  final  states,  and  the  matrix  element 
for  emission  can  be  influenced  strongly  by  the  final  state 
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Fig.  8.  The  constant  initial  state  spectrum  from  Cu(lll).  The  intensity  of  emission  from  states  at  Ep  is  shown  for  21  eV  unpolarized 

photons. 


Fig,  7.  Same  as  Fig.  6,  except  this  figure  refers  to  the  (OOl)-surface 
of  Nd2-xCexCu04.  Only  theoretical  results  are  shown  since  the 
corresponding  experimental  data  is  not  available. 


wavefunction;  the  situation  is  often  complicated  further  by 
effects  of  experimental  resolution  and  statistics.  For  these 
reasons,  it  is  important  to  establish  clearly  the  relationship 
between  structures  in  the  CIS  spectra  and  the  underlying 
Fermi  surface.  As  a  first  step  towards  exploring  this  issue, 
we  mention  a  few  preliminary  results  in  Cu(l  1 1)  here;  fur¬ 


ther  details  will  be  presented  elsewhere. 

Fig,  8  shows  the  computed  CIS  photo-intensity  for  21  eV 
photons  from  Cu(lll)  when  the  initial  state  lies  at  the  Ef, 
The  calculations  were  carried  out  for  three  different  polar¬ 
izations  of  the  incident  light  on  a  fairly  dense  160x160  grid 
of  kjj  values  in  the  (1 1  l)-plane  in  order  to  ensure  that  vari¬ 
ous  spectral  features  are  reproduced  properly.  Here,  the  re¬ 
sults  for  unpolarized  light  (obtained  by  averaging  the  spec¬ 
tra  for  different  polarizations)  are  shown  since  these  are 
most  relevant  for  the  experimental  setup  of  Ref  11.  Fig.  9 
gives  a  gray  scale  representation  of  the  surface  plot  of  Fig. 
8.  The  spectrum  of  Figs.  8  and  9  is  seen  to  contain  a  strik¬ 
ingly  rich  level  of  structure.  The  dark  circular  ring  at  the 
center  of  Fig.  9  is  due  to  the  well  known  surface  state  at  f 
in  Cu(lll).  The  imprint  of  the  ‘dog’s  bone’  Fermi  surface 
orbit[27]  is  also  seen  clearly  around  the  Brillouin  zone  edges 
(hexagon  drawn  in  solid  lines  in  Fig.  9).  Beyond  these,  the 
origin  of  various  spectral  features  and  their  relationship  to 
Fermi  surface  is  unclear  and  requires  further  investigation. 
Our  preliminary  work  does  however  suggest  that  density  of 
states  effects  play  an  important  role  in  this  regard. 

Additional  computations  (not  shown)  indicate  that  the 
CIS  spectra  from  low  index  faces  of  Cu  are  quite  strongly 
dependent  on  the  energy  and  polarization  of  the  incident 
light.  The  CIS  spectrum  in  a  layered  material  will  likely 
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Fig.  9.  A  gray  scale  rendition  of  the  surface  plot  of  Fig.  8.  Highs  are  shown  dark. 


be  simpler  than  that  of  a  3D-metal  such  as  Cu  in  some 
aspects,  even  though  there  will  likely  be  other  complicating 
factors.  The  projection  of  the  Fermi  surface  involved  in  the 
3D-case  is  probably  more  complicated  than  in  a  2D-system 
because  the  bands  in  the  latter  case  will  possess  relatively 
little  dispersion  perpedicular  to  the  layers.  On  the  other 
hand,  the  small  size  of  the  Brillouin  zone  along  the  c-axis, 
and  the  final  state  effects  may  produce  complicated  spectral 
features  in  the  2D-case.  Nevertheless  Figs.  8  and  9  suggest 
that  with  a  proper  analysis  the  CIS  spectra  could  potentially 
reveal  interesting  details  about  the  electronic  structure  which 
may  be  difficult  to  obtain  otherwise. 

In  summary,  we  have  briefly  discussed  several  applications 
of  first  principles  photo-intensity  computations  which  offer 
insight  into  the  nature  of  electronic  states  and  the  ARPES 
data  from  the  cuprates.  Comparisons  between  theory  and 
experiment  along  these  lines  should  help  assess  the  limits  of 
validity  of  the  conventional  LDA  based  picture  in  describing 
the  electronic  states  in  the  high-JcS. 
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High  resolution  ARPES  measurements  were  carried  out 
on  Bi2212  samples  [7^=87  K].  Most  of  the  results  have 
either  appeared  in  print  or  will  appear  soon;  here  we  briefly 
summarize  the  various  points  together  with  the  relevent 
references. 

Due  to  the  low  cross  sections  in  Bi2212,  we  set  the  energy 
resolution  in  this  experiment  to  a  FWHM=18.8  meV,  equiv¬ 
alent  to  a  gaussian  of  or  =  8  meV,  and  the  angular  resolution 
was  ±  r,  equivalent  to  l/22nd  of  the  Brillouin  zone  edge,  or 
l/32nd  of  the  zone  diagonal.  Normal  state  spectra  [1,2]  show 
only  one  peak  corresponding  to  the  Cu02  planar  band; 
no  resolvable  bi-layer  splitting  is  seen  above  7^.  All  other 
spectral  features  can  be  attributed  to  umklapp  bands  cor¬ 
responding  to  a  superlattice  with  Q-  (0.21,  0.21  )Tr  which 
has  been  independently  seen  in  structural  studies.  We  also 
find  some  evidence  for  “shadow  bands”  which  are  (rr,  rr) 
fold-backs  of  the  main  bands;  details  will  be  presented  else¬ 
where  [2]. 

The  main  CuOi  Fermi  surface  corresponds  to  a  doping 
of  0.17  holes  per  Cu  atom.  While  the  Fermi  surfaces  and 
the  dispersion  of  the  peak  positions  appear  to  be  like  that  in 
band  theory,  the  spectra  themselves  are  anomalously  broad 
in  the  normal  state. 

With  decreasing  T  the  spectra  sharpen  up  enormously 
[3].  We  have  carried  out  careful  studies  of  the  lineshape, 
and  by  studying  sum  rules,  came  to  the  conclusion  that 
our  ARPES  data  can  be  interpreted  simply  in  terms  of  the 
one-particle  spectral  function  A(k,(v).  Thus  the  intensity 
can  be  expressed  as  I(k,(jo)  -  k(k)f{(jo)A{k,iJO)  where 
/(co)  is  the  Fermi  function  and  /q  includes  all  the  matrix 
element  effects.  Even  though  the  lineshape  changes  a  lot 
with  temperature,  the  integrated  intensity  at  kp  does  not. 
We  note  that  the  sharpening  up  of  the  spectra  below  Tc  is 
not  due  to  a  pile-up  of  states  below  the  gap,  as  previously 
interpreted  in  the  photoemission  literature,  since  ARPES 
measures  the  spectral  function,  and  not  the  density  of  states. 
The  sharpening  of  the  spectra  is  due  instead  to  a  dramatic 
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increase  of  the  quasiparticle  lifetime  in  the  superconducting 
state,  as  observed  in  optical  experiments.  As  the  lifetime 
increases,  S"(A:,  co)  decreases,  decreasing  the  width  of  the 
spectrum.  Using  the  sum  rule  f((J^)Mk,w)  =  n(k) 
where  n{k)  is  the  momentum  distribution,  together  with 
the  fact  that  nikp)  is  independent  of  temperature,  we  find 
that  the  peak  intensity  must  increase.  We  note  in  passing 
that  the  energy-integrated  ARPES  intensity  can  be  used  to 
experimentally  measure  the  momentum  distribution  n(k) 

[3]. 

We  now  turn  to  the  extraction  of  the  momentum  depen¬ 
dence  of  the  gap  I  A(/:)  I .  Since  the  intrinsic  linewidth  deep 
in  the  superconducting  state  is  much  smaller  than  the  en¬ 
ergy  resolution,  we  can  make  BCS  spectral  function  fits  to 
the  leading  edge  of  the  Energy  Distribution  Curves  (EDC’s) 
to  extract  |A(^)|  at  r=13  K;  see  ref  [1].  We  find  that  the 
excitation  gap  is  strongly  /r-dependent,  being  largest  near 
the  M  =  (rr,  0)  point  and  much  smaller  at  the  Fermi  sur¬ 
face  crossing  along  the  (0, 0)  ^  (rr,  n)  direction,  as  seen  in 
earlier  work.  Unlike  the  earlier  work,  we  find  a  highly  non¬ 
trivial  momentum  dependence  of  the  gap  in  the  vicinity  of 
the  diagonal  direction,  where  ^-wave  would  have  predicted 
a  simple  node. 

We  find  limited  evidence  for  a  non-zero  gap  along  the 
diagonal  direction  in  the  Y  quadrant.  However  in  the  X 
quadrant  the  gap  is  quite  sizable  along  the  diagonal,  7  ±  2 
meV,  and  vanishes  10°  on  either  side  of  it. 

A  simple  ^/-wave  gap  of  the  form  A(Ar)  =  Ao(cos(/:;c«)  - 
cosikyu))  is  ruled  out.  Various  possible  interpretations  are 
discussed  in  detail  in  ref  [4].  The  simplest  interpretation 
is  in  terms  of  an  anisotropic  .y-wave  gap  which  has  two 
nodes  per  quadrant.  Potential  complications  arising  from 
the  superlattice  are  pointed  out  in  [1]  and  discussed  in  detail 
in  [4]  which  can  apply  to  data  in  the  X  quadrant. 

In  conclusion,  we  have  shown  that  ARPES  is  a  very 
useful  probe  of  quasi-2D  materials  where  one  can  study 
spectral  functions,  their  k-  dispersion,  the  effect  of  the 
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many-body  physics  on  the  line  shapes,  the  momentum 
distribution,  and  the  detailed  /r-variation  of  the  supercon¬ 
ducting  gap. 
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Abstract — ^A  critical  analysis  of  ne\v  and  earlier  experimental  data  from  the  cuprate  superconductors,  in 
light  of  recent  advances  in  many-body  theory,  shows  that  effects  previously  thought  to  be  explained  by 
band  theory  alone  (such  as  the  large  Fermi  surface)  may  also  be  accounted  for  by  an  idealized  many-body 
approach.  In  addition,  there  are  many  elements  of  the  data  which  can  be  better  described  using  many-body 
approaches.  Therefore,  it  appears  that  a  comprehensive  many-body  description  is  needed  to  understand  the 
electronic  structure  of  the  cuprate  superconductors  in  the  normal  state.  Angle-resolved  photoemission  has 
also  revealed  a  large  gap  anisotropy,  fueling  the  current  debate  on  the  symmetry  of  the  pairing  state. 


Most  angle-resolved  photoemission  studies  on  high- 
temperature  superconductors  have  focused  on  the  metallic 
phases.  With  recent  work  on  undoped  compounds,  we  now 
have  the  opportunity  to  investigate  the  evolution  of  the 
electronic  structure  as  doping  transforms  an  antiferromag¬ 
netic  insulator  into  a  high-temperature  superconductor. 
Strong  correlation  effects,  derived  from  the  large  Coulomb 
interactions,  clearly  play  an  important  role  in  the  insulating 
phase.  As  the  Mott  insulators  are  doped  and  the  anti¬ 
ferromagnetic  order  is  suppressed,  the  question  becomes 
whether  we  can  start  using  one-electron  band  theory,  which 
has  proven  very  successful  in  the  past,  or  whether  we  con¬ 
tinue  to  need  many-body  theories,  which  are  very  difficult 
to  solve.  In  this  paper,  we  compare  some  of  our  earlier 
results  from  metallic  samples  with  more  recent  data  from 
insulating  materials  to  investigate  whether  a  comprehensive 
description  of  the  electronic  structure  is  available.  We  also 
discuss  the  current  status  of  our  experimental  investigation 
of  the  superconducting  gap  anisotropy. 

Early  on  it  was  thought  that  a  possible  test  of  the  applica¬ 
bility  of  one-electron  theory  and  many-body  theory  was  to 
measure  the  size  and  shape  of  the  Fermi  surface  (FS).  Sev¬ 
eral  many-body  theoretical  calculations  predicted  that  the 
Fermi  surface  would  form  small  pockets  centered  at  (7t/2, 
Tr/2)  for  small  doping  [Fig.  1(a)],  in  contrast  to  one-electron 
predictions  of  a  large  Fermi  surface  centered  at  (rr,  rr)  [Fig. 
1(b)].  Angle-resolved  photoemission  (ARPES)  experiments 
have  succeeded  in  mapping  out  the  Fermi  surface  of  highly 
doped  superconductors  and  discovered  that  the  measured 
FS  does  agree  very  well  with  one-electron  LDA  calculations 
despite  the  fact  that  band  theory  fails  for  undoped  samples. 
Recently  however,  additional  ARPES  data  and  advances  in 
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Fig.  1.  (a)  Model  picture  of  the  Fermi  surface  of  a  lightly  hole 
doped  Mott  insulator,  (b)  The  Fermi  surface  of  hole  doped  cuprate 
as  expected  from  band  theory,  (c)  SDW  analogy  of  the  insulating 
gap  formation.  The  bands  corresponding  to  the  original  band, 
before  electron-electron  correlations  are  turned  on,  have  stronger 
oscillator  strength  (thick  lines). 

many-body  theory  now  show  that  effects  previously  thought 
explainable  by  band-theory  alone  (such  as  the  large  Fermi 
surface)  may  also  be  accounted  for  by  a  many-body  ap¬ 
proach.  In  addition,  there  are  many  elements  of  the  data 
that  can  be  better  described  using  many-body  approaches. 
It  appears  that  one  must  include  antiferromagnetic  interac¬ 
tions  and  strong  correlation  effects  in  order  to  understand 
the  electronic  structure  of  the  cuprate  superconductors  in 
the  normal  state. 

Angle-resolved  photoemission  data  from  highly  doped 
samples  reveals  a  large  Fermi  surface  centered  at  (tt, 
[1""7],  which  agrees  well  with  one-electron  LDA  cal- 
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Energy  Relative  to  the  Fermi  Level  (eV) 


Fig.  2.  (a)  ARPES  data  from  Bi2(Sro.97Pro.o3)2Cu06+5  showing  the 
peak  dispersion  along  the  (0,  0)  to  (tt,  tt)  direction  in  the  Brillouin 
zone,  (b)  Measured  Fermi  surface  of  Bi2(Sro.97Prao3)2Cu06+<5  ■ 
The  points  with  error  bars  indicate  k-space  locations  where  the 
peak  is  observed  crossing  the  Fermi  energy.  The  arrow  shows  the 
k-space  locations  of  the  data  displayed  in  panel  (a). 


culations  [8-12].  In  Fig.  2,  we  present  the  results  from 
Bi2(Sro.97Pro.o3)2Cu06-f5  (Bi2201)  by  King  et  aL  [5].  Bi2201 
is  one  of  the  simpler  compounds,  containing  only  one 
Cu02  plane  per  unit  cell  and  is  hole  doped  (p-type).  Along 
the  (0,  0)  to  (tt,  tt)  direction,  presented  in  Fig.  2(a),  we 
clearly  see  a  peak  emerge  from  the  background,  sharpen 
up,  and  disperse  towards  the  Fermi  energy.  By  the  time  we 
are  40%  from  (0,  0)  to  (tt,  tt),  the  Fermi  energy  is  more 
than  halfway  up  the  leading  edge  of  the  feature  and  by 
44%,  the  peak  has  lost  the  majority  of  its  intensity,  indicat¬ 
ing  a  Fermi  crossing  between  40%  and  44%.  The  locations 
where  this  dispersive  band  crosses  Ef  determine  the  exper¬ 


imental  FS.  The  measured  crossing  points  are  plotted  in 
Fig.  2(b).  The  data,  all  from  the  first  quadrant,  has  been 
reflected  about  the  high  symmetry  directions  to  reveal  the 
large  FS  centered  at  (tt,  tt).  Similarly,  large  Fermi  surfaces 
which  agree  with  LDA  calculations  are  observed  in  metallic 
Nd2-xCexCu04+.5  [2,3],  YBa2Cu306.9  [6],  YBa2Cu307  [7], 
and  Bi2Sr2CaCu208  [4]. 

If  one  only  considers  the  Fermi  surface  data  from  metal¬ 
lic  samples,  it  is  tempting  to  believe  that  we  should  model 
the  electronic  structure  of  these  superconductors  using  a 
one-electron  band  picture  [11].  This  scenario  severs  the  re¬ 
lationship  between  the  metals  and  insulators  and  attributes 
the  separation  to  either  a  phase  transition  [13]  or  the  cre¬ 
ation  of  band-like  states  near  Ef  with  doping  [14].  There 
are,  however,  several  reasons  to  question  the  use  of  the  de¬ 
localized  approach  to  describe  the  metallic  copper  oxides. 
First,  photoemission  satellite  structures  are  present  near  the 
Cu  core  levels  and  near  the  valence  band,  indicative  of  a 
large  U  in  the  metallic  samples  .  Second,  the  band  picture 
predicts  a  large  Fermi  surface  which  should  correspond  to 
a  high  carrier  density  which  varies  with  doping  like  1-x. 
This  contradicts  the  results  of  transport  measurements  in 
the  low  doping  regime  which  reveal  a  carrier  density  pro¬ 
portional  to  X,  instead  of  1-x  [15,16].  In  addition,  although 
Nd2-xCexCu04+^  appears  to  have  a  hole  like  Fermi  sur¬ 
face,  it  is  found  experimentally  to  have  n-type  carriers  [2,3]. 
Third,  the  experimentally  observed  band  near  Ef  is  always 
much  narrower  than  predicted  by  LDA  calculations  every¬ 
where  in  k-space.  It  is  difficult  to  tell  just  how  much  nar¬ 
rower  the  experimental  dispersion  is  since  the  peak  becomes 
hard  to  distinguish  at  larger  binding  energies  and  the  top  of 
the  band  is  always  unoccupied  in  a  metal  and  therefore  can¬ 
not  be  measured  by  photoemission.  Estimates  for  the  ratio 
of  the  LDA  calculated  dispersion  to  the  experimental  data 
vary  from  a  factor  of  two  for  some  measurements  along  (0, 
0)  to  (tt,  tt),  [1,17]  to  a  factor  of  five  near  the  saddle  point 
at  (tt,0)  [18,19]. 

To  further  differentiate  the  localized  and  itinerant  ap¬ 
proaches,  it  is  instructive  to  study  undoped  samples  where 
we  know  band  theory  breaks  down.  The  recent  work  by 
Wells  et  al.  [20]  measured  the  dispersion  of  the  single  photo¬ 
hole  in  the  copper  oxide  insulator  Sr2Cu02Cl2.  Sr2Cu02Cl2 
is  closely  related  to  the  high-Tc  superconductors  (see  con¬ 
tribution  by  Wells  in  this  volume).  The  study  of  this  insu¬ 
lator  not  only  gives  information  on  the  phenomenology  of 
the  doping  process  but  also  provides  a  test  of  the  localized 
models  in  the  insulating  state  where  the  models  are  best 
defined.  In  Fig.  3  we  plot  the  E  versus  k  relationship  of 
the  lowest  binding  energy  peak  from  the  Sr2Cu02Cl2data. 
The  measured  data  was  only  collected  in  the  first  quad¬ 
rant  and  has  been  replicated  in  the  other  quadrants  using 
the  symmetry  operations  available  in  the  tetragonal  system. 
The  total  measured  dispersion  of  this  peak,  or  bandwidth, 
is  around  2J  which  agrees  very  well  with  the  predictions  of 
the  t-J  model  [21-23].  Since  the  band  reaches  its  maximum, 
or  lowest  binding  energy,  at  (±tt/2,  ±tt/2),  one  would  ex- 
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Fig.  3.  The  E  versus  k  relationship  of  the  experimental  data  from 
Sr2Cu02Cl2. 

pect  small  Fermi  surface  pockets  centered  at  (±Tr/2,  ±7t/2) 
for  very  small  doping  levels  and  a  carrier  density  propor¬ 
tional  to  doping.  This  is  consistent  with  the  transport  data 
[15,16]  and  optical  data  [24]. 

The  key  question  is  how  the  Fermi  surface  evolves  from 
the  small  pockets  centered  at  (±tt/2,  ±Tr/2)  for  small  doping 
levels  to  a  large  LDA  Fermi  surface  centered  at  (tt,  tt)  for 
very  high  doping  levels.  Since  most  of  our  angle-resolved 
photoemission  data  are  from  the  p-type  compounds,  we  will 
focus  our  discussion  on  the  p-type  case  [25,26].  There  are 
two  critical  aspects  of  the  data  which  must  be  explained 
to  understand  the  evolution  in  the  electronic  structure  as 
a  function  of  doping:  the  decrease  in  oscillator  strength 
observed  in  the  insulator  for  k  greater  than  {ttIIjtII)  and 
the  development  of  the  electronic  structure  at  (tt,  0). 

Although  it  is  not  clear  whether  many-body  theory 
should  give  small  Fermi  surface  pockets  as  shown  in  Fig. 
la,  the  decrease  in  oscillator  strength  observed  in  the  in¬ 
sulator  for  k  greater  than  {tt  12,1x11)  may  make  part  of  the 
Fermi  surface  hard  to  observe  by  photoemission.  We  can 
describe  this  intensity  change  in  the  language  of  the  spin- 
density  wave  (SDW)  model,  illustrated  in  Fig.  Ic,  although 
the  weak  coupling  SDW  model  is  not  rigorous  here.  The 
folded  back  "shadow  band”  results  from  the  antiferromag¬ 
netic  order  (dashed  line)  and  will  have  much  less  oscillator 
strength  and  spectral  intensity  than  the  original  band  (solid 
line).  Therefore,  between  the  mixture  of  the  two  bands  in 
the  SDW  state,  one  can  see  part  of  the  band  better  than 
the  others  (dark  solid  line).  This  oscillator  strength  effect 
is  preserved  in  the  intermediate  coupling  regime  [27],  and 
complicates  the  study  of  the  cross-over  from  Fig.  la  to 
Fig.  lb.  If  there  are  small  Fermi  surface  pockets,  centered 
at  (±p/2,  ±p/2)  in  the  lightly  doped  material  as  shown  in 


Fig.  la,  then  because  of  the  oscillator  strength  effect  only 
the  side  of  the  small  Fermi  surface,  corresponding  to  the 
original  band  (dark  line  in  Fig.  la),  will  be  clearly  seen  in  a 
photoemission  experiment.  If  one  does  not  sample  k-space 
thoroughly,  it  is  very  difficult  to  distinguish  Fig.  la  from 
Fig.  lb.  This  may  account  for  the  puzzling  experimental 
data  by  Liu  et  al.  from  YBa2Cu30x  which  shows  that  the 
band  crossing  behavior  along  (0,  0)  to  (tt,  tt)  is  basically 
the  same  as  x  varies  from  6.9  to  6.4  [17].  Therefore,  the 
oscillator  strength  and  "shadow  Fermi  surface"  issues  are 
important  for  a  comprehensive  understanding  of  the  pho¬ 
toemission  data  and  provide  a  heuristic  understanding  of 
the  subtleties  in  the  evolution  of  the  Fermi  surface  data 
as  a  function  of  doping.  This  also  suggests  that  the  elec¬ 
tronic  structure  in  the  metallic  phase  may  be  affected  by 
the  short  range  antiferromagnetic  spin  fluctuations  even 
though  they  may  be  very  difficult  to  detect.  Aebi  et  al. 
recently  reported  that  they  have  observed  these  effects  in 
angle-resolved  photoemission  data  from  Bi2212  at  room 
temperature  [28]  although  the  interpretation  of  the  data  is 
still  controversial  [29]  (see  also  contributions  by  P.  Aebi 
et  al.  and  Schrieffer  and  Kampf  in  this  volume).  More 
experiments  are  underway  to  further  investigate  this  issue. 

Another  key  difference  between  the  insulating  and  metal¬ 
lic  data  is  the  development  of  the  electronic  structure  at 
(tt,  0).  For  insulating  Sr2Cu02Cl2,  from  (tt,  0)  to  (0,  tt) 
the  band  shows  considerable  dispersion  with  the  peak  much 
higher  in  energy  near  (tt/2,  ttH)  than  near  (rr,  0).  This  be¬ 
havior  is  very  different  from  that  observed  in  all  the  p-type 
metals,  where  we  find  an  extended  flat  band  saddle-point 
near  Ep  at  (tt,  0),  as  well  as  the  theoretical  models  such 
as  the  t-J  model  and  Hubbard  model,  where  the  band  near 
(tt/2,  tt/2)  has  similar  energy  as  the  band  near  (tt,  0).  This 
indicates  that  the  flat  bands  near  Ep  develop  with  doping. 

Since  we  are  using  different  materials  to  compare  the 
electronic  structure  of  the  Cu02  plane  at  different  doping 
levels,  it  is  difficult  to  rule  out  other  effects  which  might 
complicate  the  comparison.  However,  recent  doping  studies 
of  Bi2Sr2CaCu208+5(Bi2212)  provide  additional  evidence 
which  supports  the  conclusion  that  a  comprehensive  many- 
body  description  is  needed  to  understand  the  electronic 
structure.  In  Fig.  4,  we  present  high  resolution  ARPES  mea¬ 
surements  performed  on  two  Bi2212  samples  with  different 
oxygen  doping  levels,  one  near  optimal  doping  (Tc=85K) 
and  one  underdoped  (Tc=67K).  In  panels  4a.  and  4b.,  we 
find  that  the  FS  crossing  is  still  present  along  the  (0,  0)  to 
(tt,  tt)  direction  as  the  Bi2212  sample  goes  from  near  op¬ 
timal  doping  to  underdoping.  In  contrast,  along  the  (tt,  0) 
to  (tt,  tt)  direction,  displayed  in  panels  4c  and  4d,  the  in¬ 
tensity  of  the  peak  near  the  Fermi  energy  is  significantly 
reduced,  and  it  no  longer  reaches  the  Fermi  level. 

In  Fig.  5,  we  compare  the  experimental  E  versus  k  re¬ 
lationship  from  insulating  Sr2Cu02Cl2,  optimally  doped 
Bi2212  (Tc=85  K),  and  underdoped  Bi2212  (Tc=67  K)  along 
the  three  high  symmetry  directions.  Along  the  (0,  0)  to  (tt, 
tt)  direction,  we  see  that  the  behavior  for  all  the  samples  is 
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Optimally  Doped  Underdoped 

(Tc  =  85K)  (Tc=67K) 


Binding  Hncrgy  (cVj  Binding  1  Energy  (i;V) 

Fig.  4.  APRES  data  from  Bi2Sr2CaCu208+<5(a)  optimally  doped 
(Tc=85  K)  along  the  (0,  0)  to  (tt,  tt)  direction,  (b)  underdoped 
(Tc=67  K)  along  the  (0,  0)  to  (ir,  tt)  direction,  (c)  optimally  doped 
along  the  (tt,  0)  to  (tt,  tt)  direction,  and  (d)  underdoped  along 
the  (tt,  0)  to  (tt,  tt)  direction. 


very  similar  except  that  the  antiferromagnetic  shadow  band 
is  only  clearly  visible  in  the  insulating  data.  It  would  be  dif¬ 
ficult  to  detect  a  shift  in  the  location  of  the  Fermi  crossing 
with  small  changes  in  doping  since  the  band  is  very  steep 
along  this  direction.  Along  the  (tt,  0)  to  (tt,  tt)  direction, 
the  results  from  the  three  samples  are  very  different.  Near 
(tt,  0),  the  optimally  doped  Bi2212  sample  exhibits  a  flat 
band  very  close  to  Ef  while  insulating  Sr2Cu02Cl2  does  not 
exhibit  a  band  near  Ep  at  all.  For  the  underdoped  Bi2212 
sample,  we  see  that  the  band  lies  farther  below  Ef  at  (tt,  0) 
than  for  the  optimally  doped  sample.  This  trend  supports 
the  belief  that  the  fiat  band  at  (tt,  0)  grows  with  hole  doping. 
Since  we  lose  the  Fermi  crossing  along  the  (tt,  0)  to  (tt,  tt) 
direction  for  the  underdoped  Bi2212  sample,  it  appears  that 
the  FS  evolves  from  the  large  hole  pocket  centered  at  (tt,  tt) 
(Fig.  lb)  to  the  smaller  hole  pockets  centered  at  (7t/2,  7t/2) 
(Fig.  la)  as  the  hole  doping  is  reduced,  even  though  we  can 
not  positively  identify  the  shadow  FS  because  of  complica¬ 
tions  arising  from  the  background  and  superstructure. 

We  have  also  performed  extensive  angle-resolved  photoe- 
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Fig.  5.  The  E  versus  k  relationship  of  the  experimental  data 
from  Sr2Cu02Cl2,  optimally  doped  Bi2Sr2CaCu208+5,  and  un¬ 
der  doped  Bi2Sr2CaCu208+^plotted  against  a  calculated  disper¬ 
sion  for  the  t-J  model  (21).  Note  that  the  band  along  the  (0,  0) 
to  (tt,  tt)  direction  in  the  underdoped  sample  is  very  similar  to 
the  optimally  doped  case  and  has  been  omitted  from  the  figure 
for  clarity. 

mission  experiments  to  measure  the  superconducting  gap 
as  function  of  crystal  momentum.  We  found  that  the  su¬ 
perconducting  gap  of  Bi2212  is  highly  anisotropic.  The  gap 
is  very  small  or  zero  along  the  (tt,  tt)  direction  ,  and  the 
gap  is  large  at  the  Fermi  crossings  near  the  (tt,  0)  direc¬ 
tion  [30,31].  This  anisotropic  behavior  is  qualitatively  con¬ 
sistent  with  either  a  dx2-y2  pairing  state  or  an  anisotropic 
s-wave  theory  (see  contributions  by  Pines,  Scalapino,  Rice, 
Lee,  and  Anderson  in  this  volume).  The  gap  anisotropy  has 
been  confirmed  by  other  groups  [32,33]. 

More  recently.  Ding  et  al.  [34]  have  reported  new  results 
from  Bi2212  in  which  they  claim  to  see  a  finite  gap  along 
the  (tt,  tt)  direction  with  nodes  at  either  side.  They  in¬ 
terpreted  their  data  as  evidence  against  the  dx2-y2  pairing 
state.  It  is  a  very  difficult  task  to  quantify  the  gap  when 
it  is  less  than  5  meV  since  it  is  pushing  the  limits  of  the 
photoemission  experiment  in  terms  of  energy  and  momen¬ 
tum  resolution,  sample  quality  (superstructure  modulation, 
for  example),  and  the  understanding  of  the  photoemission 
lineshape  (normal,  superconducting,  and  background).  Our 
data,  taken  with  comparable  energy  and  momentum  reso¬ 
lution,  does  not  exhibit  a  bump  in  the  gap  along  the  (tt, 
tt)  direction,  as  reported  by  Ding  et  al.  We  believe  that  all 
the  data  reported  so  far  can  be  reconciled  with  the  the  dx2- 
y2  state,  given  the  error  bars  and  the  fact  that  we  do  not 
fully  understand  the  effects  of  the  superstructure  and  the 
photoemission  lineshape. 

Recent  ARPES  data  from  insulating  Sr2Cu02Cl2  and 
doping  dependent  studies  of  metallic  Bi2212  suggest  that 
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shadow  bands  and  the  evolution  of  the  band  at  (tt,  0)  may 
play  an  important  role  in  understanding  the  evolution  of 
the  Fermi  surface  as  a  function  of  doping.  This,  in  addition 
to  several  problems  identified  using  a  delocalized  approach 
to  describe  the  metallic  cuprates,  suggests  that  a  compre¬ 
hensive  many-body  description  is  needed  to  understand  the 
cuprate  superconductors  in  the  normal  state.  Some  recent 
theoretical  studies  have  been  able  to  account  for  many  as¬ 
pects  of  our  experimental  results.  R.B.  Laughlin  (see  con¬ 
tribution  this  volume)  has  found  that  the  dispersion  of  the 
near  Fermi  energy  feature  in  insulating  Sr2Cu02Cl2 agrees 
very  well  with  predicted  spinon  dispersion.  Xiao-Gang  Wen 
and  Patrick  Lee  [35],  using  slave-boson  theory  for  the  t-J 
model  at  finite  doping,  suggest  that  the  evolution  of  the 
small  Fermi  pockets  at  low  doping  to  a  large  Fermi  surface 
at  high  doping  concentrations  is  a  natural  outcome  of  the 
highly  correlated  many-body  models. 
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Abstract — We  report  angle  resolved  photoemission  measurements  on  Sr2Cu02Cl2,  an  insulating  layered 
copper  oxide.  We  map  the  energy-momentum  dispersion  of  the  highest  energy  band.  We  find  that  the  width 
of  this  band  is  consistent  v^ith  calculations  based  on  variations  of  the  Hubbard  model.  The  dispersion  in 
some  directions  and  the  position  of  the  valence  band  maximum  at  (f,  y)  match  predictions  of  the  t  ~J 
model.  However  the  overall  shape  of  the  band  differs  from  these  predictions.  A  comparison  of  our  data  with 
spectra  previously  reported  on  metallic  samples  leads  to  surprising  new  suggestions  for  the  phenomenology 
of  doping. 


During  the  past  several  years  there  has  been  an  exten¬ 
sive  effort  to  understand  the  properties  of  the  layered  cop¬ 
per  oxides.  When  undoped,  with  one  hole  per  copper  site, 
these  materials  are  antiferromagnetic  Mott  insulators.  When 
doped  with  sufficient  carriers  they  are  superconductors  with 
very  high  transition  temperatures.  Most  theories  for  the  cop¬ 
per  oxides  are  related  to  the  Hubbard  model  for  strongly 
correlated  electrons.  Such  a  correlated  model  is  best  under¬ 
stood  for  the  insulating  phase.  The  effect  of  adding  carriers 
to  such  a  model  is  imclear  and  the  subject  of  much  research. 
Even  in  the  well  defined  undoped  case  it  is  unclear  which 
models  give  an  accurate  description  of  the  real  materials. 

Most  of  the  PES  experiments  to-date  have  been  on  the 
metals  and  there  has  been  little  work  on  the  undoped  com¬ 
pounds  [1].  We  have  recently  reported  angle  resolved  pho¬ 
toemission  results  on  Sr2Cu02Cl2,  a  carrier  free  layered 
copper  oxide  [2].  In  this  work  we  recap  the  results  presented 
in  [2],  extend  the  comparison  between  the  insulating  and 
metallic  copper  oxides,  and  add  to  our  discussion.  Photoe¬ 
mission  in  Sr2Cu02Cl2  measures  the  dispersion  of  a  single 
hole  in  an  antiferromagnetic  background,  and  thus  is  a  test 
of  correlated  models  for  the  electronic  structure  of  the  cop¬ 
per  oxides.  We  find  a  band  width  of  about  2/,  as  predicted 
by  numerical  calculations  for  the  t  -  7  and  single-band  Hub¬ 
bard  models.  However,  the  shape  of  this  band  is  not  well 
described  by  these  calculations.  We  know  of  several  recent 
efforts  which  attempt  to  address  the  differences  between  the 
current  calculations  for  the  simple  correlated  models  and 
the  results  of  our  previous  publication  [3].  In  addition,  this 
band  in  Sr2Cu02Cl2  is  in  many  respects  similar  to  the  band 
that  crosses  Ejr  in  the  metallic  copper  oxides,  but  there  is 
a  large  difference  between  the  insulators  and  the  metals  in 
the  states  near  (7T,0),  the  region  of  the  van  Hove  singular¬ 
ity  in  the  metals.  The  change  in  these  states  between  the 
insulating  and  metallic  phases  of  the  copper  oxides  remains 


largely  unaddressed  theoretically. 

Single  crystals  of  Sr2Cu02Cl2  were  grown  following  the 
procedure  used  by  Miller  et  al  [4]  Sr2Cu02Ci2  has  the 
K2NiF4  structure  with  Cu02  layers  separated  by  double  lay¬ 
ers  of  SrCl.  The  material  is  tetragonal  down  to  at  least  10  K. 
Crystals  grown  by  the  identical  method  have  a  Neel  temper¬ 
ature  of  256.5  ±  1.5  K  as  determined  by  neutron  scattering. 
Neutron  scattering  studies  have  shown  that  at  the  temper¬ 
ature  of  our  experiment,  350  K,  the  magnetic  correlation 
length  is  about  250  A  [5].  Two  magnon  Raman  scattering 
measurements  of  Tokura  et  al  imply  a  nearest  neighbor  ex¬ 
change  7  =  125  ±  6  meV  [5,6].  Doping  Sr2Cu02Cl2  with 
carriers  has  been  difficult,  giving  us  confidence  that  we  are 
really  studying  undoped  material.  However,  there  has  been 
a  recent  report  of  the  synthesis  of  a  closely  analogous  com¬ 
pound,  Sr2Cu02F2+5,  which  for  large  enough  5  is  a  super¬ 
conductor  with  Tc  =  46  K  [7]. 

Our  experiment  was  performed  at  the  undulator  beam 
line  5  at  the  Stanford  Synchrotron  Radiation  Laboratory. 
The  spectra  shown  here  were  taken  with  an  overall  system 
energy  resolution  of  75  meV  and  angular  resolution  of  the 
emitted  electrons  of  ±1°,  or  ±“7r  in  k^  and  k^,.  In  this 
paper  we  use  the  notation  of  the  two  dimensional  Brillouin 
zone  for  the  square-planar  copper  oxygen  sheet  with  a  lattice 
parameter  equal  to  one  which  has  corners  at  (±7r,  ±Tr).  We 
deduced  the  peak  position  for  each  spectrum  using  a  simple 
fit  to  a  Lorentzian  plus  a  background  and  convolved  with 
the  experimental  resolution  function.  The  data  were  taken 
at  350  K  because  at  this  temperature  the  conductivity  was 
high  enough  to  insure  that  there  was  no  charging  of  the 
sample. 

The  valence  band  spectrum  of  Sr2Cu02Cl2  is  very  simi¬ 
lar  to  the  spectra  for  the  metallic  copper  oxides  [8,9].  Fig¬ 
ure  1  shows  the  full  valence  band  of  both  Sr2Cu02Cl2  and 
Bi2Sr2CaCu208+5,  a  material  for  which  excellent  photoe- 
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Energy  (eV)  -  Relative  to  Metal  Ep 

Fig.  1.  Photoemission  spectra  taken  near  (j,j)  of  the  en¬ 
tire  valence  band  of  both  insulating  Sr2Cu02Cl2  and  metallic 
Bi2Sr2CaCu208+<5.  The  spectra  are  aligned  so  that  the  peaks  at 
highest  energy  match  and  the  energy  scale  for  Bi2Sr2CaCu208+5 
is  used. 

mission  data  are  available.  The  spectrum  for  each  is  approx¬ 
imately  seven  electron  volts  wide  with  several  intense  peaks 
and  a  foot  with  small  intensity  extending  over  the  highest 
electron  volt  of  the  valence  band.  There  are  no  obvious  new 
states  near  Eir  in  Bi2Sr2CaCu208+d  created  by  doping,  in 
contradiction  to  some  early  work  [10].  Using  the  more  in¬ 
tense  peaks  as  a  rough  reference  energy  indicates  that  the 
Fermi  level  for  the  metal  has  shifted  into  the  energy  region 
that  corresponds  to  the  top  of  the  valence  band  in  the  in¬ 
sulator.  As  we  will  point  out  below,  this  does  not  imply  a 
simple  rigid  band  shift  with  doping.  Also,  the  available  data 
for  the  electron  doped  copper  oxides  indicate  that  the  Fermi 
level  for  the  electron-doped  metal  does  not  shift  into  the 
conduction  band  of  the  insulator  [11].  All  of  the  rest  of  the 
spectra  presented  in  this  paper  show  only  this  foot  region. 

Figure  2(a)  shows  a  set  of  scans  taken  at  different  k 
positions  along  the  direction  from  the  zone  center  (0,0)  to 
the  antiferromagnetic  superlattice  position  (rr,  rr).  As  k  is 
increased,  a  peak  appears  and  shifts  towards  higher  energies 
as  k  approaches  ( y,  y).  At  larger  k  values  there  is  a  sudden 
drop  in  the  intensity  of  the  peak  and  it  appears  to  move  back 
to  lower  energies.  The  (j,  y)  point  is  the  global  valence  band 
maximum  (VBM).  The  closest  that  the  peak  approaches  to 
the  Fermi  energy  is  approximately  -0.8  eV.  We  measure  a 
total  dispersion  of  280  ±  60  meV.  For  parallel  cuts,  the 
peak  intensity  always  drops  at  k  locations  forming  a  line 
connecting  (7T,0)  and  (0,7t), 
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Fig.  2.  PES  data  showing  the  peak  dispersion  along  the  (0,0)  to 
(tt,  tt)  direction  for  insulating  Sr2Cu02Cl2  (a)  and  for  metallic 
Bi2Sr2CaCu208+5  (b).  The  figure  is  labeled  with  (1,1)  =  {n,n). 
The  circles  in  the  legend  indicate  the  positions  where  the  data  were 
taken  in  the  insulator. 


Figure  2(b)  shows  similar  data  along  the  same  direction 
in  the  square  lattice  Brillouin  zone  for  the  metallic  copper 
oxide  Bi2Sr2CaCu208+5  from  Dessau  et  al  [9]  The  peaks 
in  the  metal  are  sharper  and  disappear  after  crossing  the 
Fermi  level  near  (0.4 Sir,  0.4 Sir).  The  spectra  are  qxiite  simi¬ 
lar  indicating  that  the  states  detected  in  the  metal  and  insu¬ 
lator  can  be  considered  to  represent  fundamentally  the  same 
band,  although  it  is  altered  by  doping  as  shown  below.  For 
comparison,  the  measured  dispersion  in  Bi2Sr2CaCu208+<5 
is  270  ±  30  meV  over  a  k  range  from  (0.277T,  0.27Tr)  to 
(0.45Tr,  0.45Tr).  Over  the  same  k  region  we  see  dispersion 
of  240  ±  30  meV  in  Sr2Cu02Cl2,  which  is  the  same  within 
the  errors. 

The  peak  intensity  drops  across  a  line  connecting  (7r,0)  to 
(0,Tr),  the  boundary  of  the  antiferromagnetic  Brillouin  zone. 
The  weak  part  of  the  band  results  from  a  folding  of  the  zone 
due  to  antiferromagnetic  order.  This  drop  in  spectral  weight 
is  analogous  to  that  expected  for  a  weak  coupling  spin 
density  wave  model  [12,13]  and  is  also  evident  in  calculations 
of  the  spectral  weight  function  for  models  with  intermediate 
to  strong  coupling  strengths  [13].  These  states  with  little 
spectral  weight  are  often  described  as  ghost  bands  in  the 
literature.  For  strong  coupling  we  expect  that  the  original 
and  folded  sections  of  the  band  would  have  nearly  equal 
weight  while  for  truly  weak  coupling  we  would  expect  a 
larger  band  width.  Thus  the  variation  in  spectral  weight  in 
conjunction  with  the  narrow  observed  band  width  could 
indicate  that  Sr2Cu02Cl2  is  in  an  intermediate  coupling 
regime. 

Figure  3(a)  shows  the  peak  dispersion  along  a  line  from 
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Fig.  3.  PES  data  for  Sr2Cu02Cl2  in  parts  (a)  and  (b).  The  spec¬ 
tra  in  (a)  are  along  along  a  line  connecting  (0,Tr)-(y,  f )-(7r,0), 
perpendicular  to  the  data  in  figure  2a.  Parts  (b)  and  (c)  com¬ 
pare  data  along  the  (0,0)  to  (7T,0)  direction  in  Sr2Cu02Cl2  and 
Bi2Sr2CaCu208+5  • 


(0,7r), through  (f ,  f ),  to  This  is  perpendicular  to  the 

direction  of  the  data  in  Fig.  2.  From  a  global  maximum 
at  (j,  f ),  the  peak  in  Sr2Cu02Cl2  disperses  to  lower  en¬ 
ergies  in  an  isotropic  manner.  Figure  3(b)  and  (c)  shows 
the  band  dispersion  from  (0,0)  to  (tt,0)  in  Sr2Cu02Cl2 
and  in  Bi2Sr2CaCu208+5,  respectively.  The  data  for 
Bi2Sr2CaCu208+(5  are  from  Dessau  et  al  [9].  Clearly,  the 
two  materials  do  not  behave  in  a  similar  manner  in  this 
region  of  the  Brillouin  zone.  While  in  Bi2Sr2CaCu208+(5 
a  peak  disperses  to  near  Ep  and  remains  near  Ep  for  a 
wide  range  of  k,  no  peak  dispersion  is  seen  in  Sr2Cu02Cl2, 
although  there  is  some  variation  in  spectral  weight. 

All  of  the  hole  doped  compounds  that  have  been  studied 
with  photoemission  show  a  band  at  Ep  over  a  wide  region 
of  k-space  near  (Tr,0).  This  has  been  described  as  an  ex¬ 
tended  saddle  point  and  there  has  been  speculation  that  it 
is  important  to  the  physics  of  the  superconductors  [9,14]. 
Most  of  the  weight  in  the  density  of  states  near  Ei?  in  the 
metallic  copper  oxides  comes  from  this  region  of  k-space 
and  this  is  the  region  where  the  largest  superconducting 
gaps  have  been  found  in  Bi2Sr2CaCu208+(5.  There  are  no 
states  near  the  top  of  the  band  in  Sr2Cu02Cl2  at  (7r,0).  The 
states  forming  the  extended  saddle  point  must  move  up  in 
energy  as  a  result  of  doping. 

In  Fig.  4  the  experimentally  determined  ^  vs  k  re¬ 
lations  for  both  insulating  Sr2Cu02Cl2  and  metallic 
Bi2Sr2CaCu208+5  are  compared  with  that  found  for  a  nu¬ 
merical  solution  of  one  hole  in  a  t-J  model.  [15]  We  discuss 
the  insulator  data  first.  For  the  region  from  (0,0)  to  (7T,Tr) 
the  t-J  model  provides  a  good  description  of  the  exper¬ 
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Fig.  4.  A  comparison  of  the  experimentally  determined  £  vs  k  re¬ 
lations  of  Sr2Cu02Cl2  (open  circles)  and  Bi2Sr2CaCu208+<5  (solid 

squares)  with  a  calculation  for  the  t - J  model.  Error  bars  for 

Sr2Cu02Cl2  are  shown  when  larger  than  the  symbol  size  except 
for  the  region  from  (0,0)  to  (7T,0)  where  for  clarity  only  some  rep¬ 
resentative  error  bars  are  shown.  The  far  right  panel  shows  the  di¬ 
rection  along  the  antiferromagnetic  zone  edge  from  (0,7t)  to  (7r,0). 
Here  only  the  points  marked  by  a  +  are  calculated  in  reference  17 
and  the  dotted  line  is  our  interpolation  between  these  points. 

imental  results.  However,  near  (7r,0)  the  calculation  does 
not  describe  the  data  and  we  see  much  greater  dispersion 
from  (7T,0)  to  (0,Tr)  than  the  calculation  predicts.  The  band 
width  (JV)  determined  by  fitting  the  peaks  over  the  entire 
region  from  (0,0)  to  (y,  y)  is  280  ±  60  meV.  This  corre¬ 
sponds  to  IF//  =  2.2  ±  0.5.  The  t-J  model  calculation  that 
gives  the  curve  in  Fig.  4  predicts  the  quasiparticle  band¬ 
width  to  be  about  2J  for  a  wide  range  of  t/J  [15].  There  are 
other  t-J  model  calculations  that  give  a  comparable  band 
width  [16,17].  Calculations  on  small  clusters  of  the  Hub¬ 
bard  model  with  intermediate  U  show  a  similarly  narrow 
quasiparticle  band  width  [13].  However,  the  disagreement 
near  (Tr,0)  is  still  present.  One-electron  calculations  predict 
a  much  broader  band  with  a  total  occupied  band  width  of 
about  1  eV  at  half  filling,  and  a  total  band  width  of  about 
3.25  eV  [18]. 

The  comparison  between  the  Bi2Sr2CaCu208+5  data  and 
the  t-J  model  calculation  has  been  made  with  an  energy 
offset  in  the  data  to  fit  the  calculation.  This  is  equivalent 
to  assuming  that  doping  holes  into  a  t-J  model  produces  a 
rigid  band  filling  of  the  undoped  states.  For  regions  in  the 
first  magnetic  Brillouin  zone,  the  agreement  is  remarkably 
good.  In  the  second  magnetic  zone  no  dispersing  peaks  are 
detected  in  Bi2Sr2CaCu208+5,  but  in  analogy  to  the  insula¬ 
tor  we  might  expect  to  have  only  weak,  ghost  bands  here.  It 
is  difficult  to  understand  this  apparent  agreement  between 
the  calculation  and  the  Bi2Sr2CaCu208+5  experiment.  The 
t-J  model  is  only  truly  defined  for  a  single  hole  dispersing 
in  an  otherwise  half-filled  band.  However,  in  this  undoped 
regime  the  calculation  does  not  describe  the  data  well,  as 
discussed  above. 

There  are  other  photoemission  results  which  appear  to 
be  consistent  with  ours.  Liu  et  al.  reported  PES  data  on 
insulating,  but  not  carrier  free,  YBa2Cu306.35  [!]•  They  saw 
a  strong  shoulder  that  appeared  to  disperse  along  the  (0,0) 
to  (7t,7t)  direction,  reach  a  maximum  at  Ep  near  (f ,  f ), 
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and  then  disappear.  Although  no  well-defined  peak  was 
detected,  the  YBa2Cu306.35  data  are  consistent  with  our 
results.  This  supports  our  belief  that  Sr2Cu02Cl2  reveals 
universal  behavior  of  planar  copper  oxide  insulators 

Aebi  et  al  have  recently  reported  a  mapping  of  the  Fermi 
surface  in  Bi2Sr2CaCu208+5  using  PES  in  a  mode  that  scans 
across  k  space  at  a  fixed  energy  [19].  They  found  a  Fermi 
surface  defined  by  peaks  with  large  spectral  weight  close  to 
that  expected  from  the  LDA  calculation  in  addition  to  a 
Fermi  surface  defined  by  peaks  with  small  spectral  weight. 
The  Fermi  surface  from  the  weak  peaks  could  be  derived 
from  the  strong,  LDA-like  Fermi  surface  by  adding  a  trans¬ 
lation  of  (7r,Tr).  The  Fermi  surface  they  reported  is  adum¬ 
brated  in  this  work.  The  shifted  Fermi  surface  defined  by 
the  weak  peaks  in  Bi2Sr2CaCu208+5  corresponds  to  the  re¬ 
gions  where  we  found  a  weak  band  in  Sr2Cu02Cl2. 

In  summary,  we  have  measured  the  k  dependent  single 
particle  excitation  spectra  of  the  highest  energy  band  in  the 
model  insulating  copper  oxide  Sr2Cu02Cl2.  Analysis  of  this 
band  indicates  that  a  Hubbard  based  model  may  be  a  proper 
starting  point  to  describe  these  materials.  However,  results 
from  a  single  band  t-J  model  or  a  single  band  Hubbard 
model  do  not  describe  the  correct  band  shape.  There  is  a 
strong  variation  in  spectral  weight  as  a  function  of  k  which 
reflects  the  antiferromagnetic  order.  In  addition,  states  near 
(7T,0)  appear  to  undergo  large  changes  in  energy  as  a  func¬ 
tion  of  doping.  Clearly  additional  experimental  and  theo¬ 
retical  work  is  necessary  to  explore  further  the  issues  raised 
in  this  paper. 
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Abstract — We  have  studied  the  electronic  structure  of  rare-earth  Ni  boro-carbides  by  high-resolution  pho- 
toemission.  The  spectra  of  superconducting  YNi2B2C  and  non-superconducting  LaNi2B2C  are  remarkably 
similar  in  spite  of  large  differences  predicted  by  band-structure  calculations.  The  disappearance  of  the  peak 
in  the  density  of  states  at  the  Fermi  level  is  attributed  to  spectral  weight  transfer  towards  higher  energies 
concomitant  with  the  conduction-band  mass  renormalization. 


The  discovery  of  superconductors  LnNi2B2C  (Ln  =  rare 
earth)  [1]  has  provided  us  with  new  opportunities  to  in¬ 
vestigate  problems  pertinent  to  high-Tc  cuprates  as  well  as 
to  conventional  superconductors.  Previous  photoemission 
studies  on  YNi2B2C  [2]  have  shown  a  multi-electron  satel¬ 
lite  in  the  valence-band  spectra,  indicating  that  the  on-site 
Coulomb  interaction  at  the  Ni  site  is  strong,  C/  ~  4  eV  . 
Further,  a  narrow  peak  in  th  density  of  states  (DOS)  aris¬ 
ing  from  flat  energy  bands  near  the  Fermi  level  (£»  pre¬ 
dicted  by  band-structure  calculations  [3]  is  absent  in  the 
photoemission  spectra  [2].  In  this  work,  we  have  made  a 
comparative  study  of  superconducting  YNi2B2C  and  non- 
superconducting  LaNi2B2C  in  order  to  gain  further  insight 
into  the  electronic  states  in  these  materials. 

Figure  1  shows  the  valence-band  photoemission  spectra 
of  both  materials  taken  with  a  resolution  of  ~  40  meV.  In 
the  figure  the  spectra  are  compared  with  the  DOS  given 
by  the  band-structure  calculations  [3,4]  taking  into  accout 
photoionization  cross  sections,  instrumental  resolution  and 
thermal  and  life-time  broadening.  The  calculated  DOS 
shows  a  sharp  peak  at  (Ln  =  Y)  or  slightly  below  (Ln  - 
La)  Ejr  whereas  the  measured  spectra  show  an  ordinary 
Fermi  edge  without  additional  structures  near  it.  The  tem¬ 
perature  dependence  of  the  near-E)?  spectra  (20  K  <  T  < 
300  K)  is  simply  described  by  that  of  the  Fermi-Dirac 
distribution  function.  In  going  from  Ln  =  Y  to  Ln  =  La, 
the  Ni  3d  band  centered  at  --1.5  eV  is  slightly  (-'  0.1  eV) 
shifted  towards  higher  binding  energy  whereas  the  calcu¬ 
lated  DOS  shows  a  large  shift  of  0.4  eV  in  the  opposite 
direction.  These  results  indicate  that  the  electronic  struc¬ 
ture  of  the  Ni  boro-carbides  are  influenced  by  those  effects 


which  are  not  included  in  the  band-structure  calculations 
such  as  electron-phonon  interaction  and  electron-electron 
correlation. 

We  point  out  that  a  similar  discrepancy  between  band 
theory  and  experiment  exists  for  A  15-type  superconductors: 
The  spectra  of  NbsAl  show  a  simple  Fermi  edge  [5]  while 
band-structure  calculation  shows  a  sharp  DOS  peak  at  £> 
[6].  Meanwhile,  angle-resolved  photoemission  of  VaSi  has 
revealed  flat  bands  just  below  Ey,  in  agreement  with  the 
band-structure  calculation  [7].  This  indicates  that  the  disap¬ 
pearance  of  the  DOS  peak  is  not  due  to  the  disappearance 
of  the  flat  bands  themselves  but  to  a  transfer  of  spectral 
weight  from  the  flat  bands  to  away  from  Ey.  In  high-Tc 
cuprates,  too,  the  existence  of  flat  bands  near  Ef  has  been 
demonstrated  by  angle-resolved  photoemission  [8]  but  no 
peak  has  been  found  in  the  angle-integrated  photoemission 
spectra.  The  disappearance  of  a  DOS  peak  in  the  photoe¬ 
mission  spectra  has  also  been  pointed  out  for  Bai-^cK^BiOs 

[9]. 

According  to  Fermi-liquid  theory,  the  suppression  of 
photoemission  intensity  at  Ef  compared  to  the  calculated 
DOS  is  given  by  a  factor  niklmbi  where  mk  is  the  A:-mass, 
which  is  derived  from  the  momentum  dependence  of  the 
self-energy  [10,10],  and  mt  is  the  bare  band  mass;  spectral 
weight  transfer  from  the  coherent  quasi-particle  excitations 
near  Ef  to  incoherent  excitations  away  from  Ef  results  in 
the  reduction  of  the  coherent  spectral  weight  by  a  factor 
mcolnibi  where  is  the  co-mass  [10,10].  Since  our  results 
show  nik  (0.3  -  0.5)mb  for  the  Ni  boro-carbides  and  the 
thermal  mass  m*  =  rnkmcolm  is  enhanced  by  a  factor  of 
-2  compared  to  mb  [11],  we  obtain  mu>  ~  meaning 
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Fig.  1.  Photoemission  spectra  of  YNi2B2C  and  LaNi2B2C  (dots)  compared  with  the  DOS  given  by  the  band-structure  calculations 

(solid  curve)  of  Mattheiss  et  al  [3,4]. 


that  ~  80%  of  the  spectral  weight  is  transferred  from  the  co¬ 
herent  part  to  the  incoherent  part  of  the  spectral  function. 
The  energy  scale  of  the  spectral  weight  transfer  is  large,  at 
least  «  0.5  eV.  Therefore,  it  may  be  difficult  to  explain  this 
as  due  to  electron-phonon  interaction  or  spin  fluctuations 
and  electron-electron  interaction  may  have  to  be  involved 
in  the  microscopic  origin  of  the  spectral  weight  transfer. 
This  problem  remains  to  be  clarified  in  future  studies. 
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Abstract — We  designed  and  constructed  a  cryogenic  photoelectron  yield  spectroscopy  having  high  resolution 
(«  10  meV)  and  wide  dynamic  range  (w  10^).  The  yield  spectra  taken  for  Bi2Sr2CaCuO;,  (BSCCO)single 
crystals  at  10  K  showed  a  dip  structure  in  the  vicinity  of  the  Fermi  level.  The  measured  data  could  be  well 
fitted  with  a  curve  simulated  from  the  BCS  function  with  a  gap  value  of  20  meV. 


For  elucidating  tlie  electronic  structure  and  the  pairing 
mechanism  in  high  Tc  superconductors,  extensive  studies 
using  photoemission  spectroscopy  have  been  carried  out[l- 
3].  Conventional  pho  toelectron  spectroscopic  tools  such  as 
XPS  and  UPS,  however,  suffer  from  poor  energy  resolu¬ 
tions  and  low  signal  to  noise  ratios.  These  problems  make 
it  difficult  to  judge  by  XPS  and  UPS  whether  s-  or  cZ-wave 
symmetry  resides  in  the  superconducting  wave  function. 
Thus,  we  are  tempted  to  develop  an  alternative  technique 
for  pho  toemission  spectroscopy.  Photoelectron  yield  spec¬ 
troscopy  (PYS),  where  the  yield  of  photoemission  caused 
by  the  irradiation  on  monochromated  UV  light  is  measured 
as  a  function  of  photon  energy,  was  proved  to  have  such 
a  high  signal  to  noise  ratio  10^^  [4]  and  a  high  resolution 
as  AE  <  lOOmeV  [5]  for  the  analyses  of  metals  and  semi¬ 
conductors.  By  designing  and  constructing  a  cryogenic  PYS 
with  higher  resolution  [6],  we  have  investigated  the  possibil¬ 
ity  of  observing  superconducting  gaps  (»  20  meV)  in  high- 
Tc  superconductors. 

UV  light  (3.5  <  hv  <  6.2  eV)  from  a  Xe  lamp  was 
monochromated  by  a  double  pass  monochromator  (f =25 
cm)  and  irradiated  on  a  sample  surface  set  on  the  cryo- 
stage  in  the  UHV  chamber.  All  the  photoelectrons  regard¬ 
less  of  the  kinetic  energy,  emitted  from  the  sample,  were 
detected  by  a  channeltron  placed  just  above  the  sample  sur¬ 
face.  Scanning  the  light  from  the  longer  wavelength  side 
gave  the  spectrum  corresponding  to  the  integrated  occupa¬ 
tion  of  density  of  states  which  have  energies  as  deep  as  the 
photonenergy  from  the  vacuum  level. 

First  we  show  the  spectra  taken  for  (111)  surface  of  Ag 
film  deposited  in  situ  on  an  as-cleaved  graphite  substrate  in 
order  to  evaluate  the  energy  resolution  of  our  system.  Fig. 
1(a)  shows  PYS  of  the  Ag  film  measured  at  an  emission  an¬ 
gle  normal  to  the  surface  (0°)  at  temperatures  of  280,  80, 
and  10  K.  From  the  Fowler  plot  (Y^^^  vs  hv)  for  these  data, 
the  work  function  of  Ag  (1 1 1)  surface  is  evaluated  to  be  4.23 
eV,  which  agrees  well  with  the  value  (4.25  eV)  in  literature 
[7].  The  sharp  threshold  of  photoemission  at  Ep  indicates 


the  metallic  nature  of  electronic  structure  and  sharp  Fermi 
cut-off.  It  is  noteworthy  that  the  tail  of  PYS  for  the  pho¬ 
ton  energies  hv  <  Ep  diminishes  rapidly  as  the  temperature 
decreases.  Since  the  tail  corresponds  to  the  population  of 
electrons  excited  above  Ep  by  the  thermal  energy,  the  inte¬ 
gration  of  Fermi-Dirac  distribution  function  at  each  tem¬ 
perature  should  fit  to  the  observed  data.  Indeed,  the  exper¬ 
imental  data  were  well  fitted  with  the  curves  calculated  by 
assuming  the  resolution  of  our  system  to  be  10  meV  This 
resolution,  the  highest  among  the  values  ever  reported,  was 
achieved  primarily  by  the  high  UV-light  source. 

A  single  crystal  of  BSCCO  (4  X  4  x  0.5mm,  Te(zQx6) 
=84  K)  grown  by  a  floating  zone  method  was  cleaved  in 
high  vacuum  (2  x  10“^^  Torr)  along  the  aZ>-plane  just  prior 
to  the  PYS  measurement.  Fig.  1(b)  shows  PYS  of  BSCCO 
measured  by  irradiating  the  monochromated  UV-light  to 
the  surface  with  an  incident  angle  of  25°  and  by  collect¬ 
ing  electrons  emitting  at  an  angle  of  20°  along  (1 10)  (Cu-O 
bond)  direction.  Spectra  at  280  K  and  80  K  showed  a  clear 
cut-oif  at  Ep  (4.40  eV  below  the  vacuum  level)  and  could 
be  well  fltted  with  the  curves  calculated  as  described  above, 
suggesting  a  clear  appearance  of  Fermi  surface.  At  10  K, 
considerable  deviation  from  the  calculated  curve  was  ob¬ 
served  at  30  meV  below  the  Ep  and  the  spectrum  merged 
again  to  the  calculated  curve  above  the  Ep.  Such  dip  struc¬ 
ture  in  the  photoelectron  yield  just  below  the  Ep  was  re- 
produdbly  observed  and  to  verify  by  the  presence  of  a  gap 
in  the  density  of  states,  presumably  superconducting  gap. 
Assuming  the  BCS  superconducting  mechanism,  the  PYS 
curve  was  calculated  by  integrating  the  BCS  function,  and 
by  taking  into  account  the  equipment  resolution  of  10  meV 
for  a  temperature  of  10  K  and  gap  values  of  5,  10,  15,  and 
20  meV  As  indicated  in  Fig.  1(b),  the  curve  calculated  for 
A=20  meV  reproduced  well  beginning  of  dip  structure.  The 
considerable  amount  of  residual  states  observed  in  the  gap 
may  originate  from  adsorped  impurities  on  the  surface  dur¬ 
ing  the  measurement. 

In  summary,  we  have  demonstrated  that  the  cryogenic 
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Fig.  1.  Photoelectron  yield  spectra  of  (a)  Ag  film  and  (b)  cleaved  Bi2Sr2CaCu20y  single  crystal  measured  at  280  K,  80  K,  and  10  K. 
The  Fermi  level  is  marked  by  the  vertical  tick.  The  dashed  curves  are  simulation  based  on  the  Fermi  distribution  function.  The  solid 
curves  in  (b)  are  simulation  from  the  BCS  function  at  10  K  with  gap  values  of  5,  10,  15  and  20  meV. 


PYS  is  capable  of  probing  the  electronic  structure  close  to 
Ef  with  a  high  resolution  (10  meV)  and  a  wide  dynaniic 
range  (10'^).  We  observed  a  dip  structure  in  PYS  of  BSCCO 
and  assigned  it  to  the  superconducting  gap  of  20  meV. 
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Abstract — We  report  data  supporting  the  view  that  the  sometimes  controversial  1  eV  peak  in  the  angle- 
resolved  photoemission  spectrum  of  YBa2Cu306.9  is,  in  fact,  representative  of  cuprate  superconductors. 
Detailed  spectra  for  YBa2Cu3059  show  that  the  peak  is  composed  of  a  family  of  initial  states  of  both  even 
and  odd  symmetry. 


The  '*1  eV  peak”  in  YBa2Cu306.9  photoemission  spectra 
continues  to  be  a  topic  of  discussion  because  of  its  possible 
origin  as  a  surface  state.  The  termination  dependent  layer 
calculations  of  Bansil  et  al  [1]  predict  surface  states  that 
might  explain  why  angle-resolved  photoemission  does  not 
see  the  superconducting  gap  in  YBCO.  The  surface  state 
model  of  Liu  and  Klemm  [2]  addresses  the  question  of 
the  measured  gap  isotropy/anisotropy  in  Bi2Sr2CaCu208. 
We  have  previously  concluded  that  the  1  eV  structure  was 
inherent  to  the  bulk,  and  arose  from  well  defined  dispersive 
states  at  the  top  of  the  parent  insulator  valence  band  [3]. 
These  conclusions  were  driven  by  the  observation  that  the 
structure(s)  were  pervasive  throughout  the  zone,  that  they 
were  durable  with  time  and  nonreactive  gas  exposure,  and 
that  they  persisted  through  a  variety  of  surface  terminations 
as  characterized  by  Ba  core  level  shifts.  In  this  note  we 
would  like  to  point  out  that  the  structures  are  a  consistent 
feature  in  the  cuprate  superconductors,  and  that  the  peak 
comes  from  multiple  states  with  well  defined  symmetries. 

Representative  spectra  for  four  materials  from  three  of  the 
classic  cuprate  superconductor  systems  are  shown  in  Fig.  1. 
All  spectra  are  taken  at  equivalent  zone  boundary  points: 
X  or  Y  for  (Y,Lu)Ba2Cu306.9,  and  M  for  Bi2Sr2CaCu208 
[4]  and  Ndi.85Ceo.i5Cu04  [5].  Different  photon  energies  are 
used  because  of  the  large  matrix  element  effects  pointed  out 
in  the  next  figure.  Not  shown,  the  insulator  Sr2Cu02Cl2 
also  has  a  well-defined  valence  band  local  maximum  feature 
at  the  M  point  [6].  These  similarities  reinforce  the  view 
that  these  structures  are  inherent  to  the  largely  copper- 
oxygen  bulk  valence  band  and  do  not  result  from  a  specific 
termination  layer. 

These  structures  can  be  studied  in  detail  in  the  YBCO 
materials,  perhaps  because  of  the  higher  crystalline  quality 
achieved  in  these  samples.  Figure  2  shows  the  upper  part 
of  the  valence  band  at  the  XAf  point  as  a  function  of 
photon  energy  and  emission  geometry.  These  spectra  were 
taken  on  the  ISU/MSU  ERG-Seya  beamline  at  Aladdin  [7], 
where  the  photon  polarization  from  the  Seya  is  nearly  100%. 


Binding  Energy  (eV) 


Fig.  1.  Angle-resolved  photoemission  spectra  of  representative 
cuprate  superconductors  at  equivalent  zone  boundary  points. 


Twinned  samples  were  mounted  with  the  ajb  axes  in  the 
plane  of  polarization,  and  spectra  were  taken  at  equivalent 
zone  boundary  points  both  in  (upper  curves)  and  out  (lower 
curves)  of  the  plane  of  polarization.  The  spectra  have  been 
normalized  to  incident  flux,  with  the  24  eV  spectra  shown 
at  half  scale  and  the  28  eV  spectra  magnified  by  a  factor  of 
two  as  noted.  A  twinned  sample  was  used  so  that  equivalent 
crystal  geometries  would  be  sampled  in  both  directions.  The 
effect  of  using  twinned  samples  can  seen  in  the  top  curve  of 
the  17  eV  spectra.  From  our  previous  study  of  untwinned 
samples,  we  know  that  the  sharp  Fermi  level  peak  is  the 
saddle  point  at  the  Y  point,  and  the  underlying  strength 
which  is  also  seen  as  a  shoulder  at  slightly  greater  binding 
energy,  is  the  emission  from  the  X  point  [3]. 
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Binding  Energy  (eV) 

Fig.  2.  Angle-resolved  photoemission  spectra  of  twinned 
YBa2Cu306.9.  The  X/Y  direction  is  in  the  plane  of  polarization  of 
the  light,  and  at  each  photon  energy  the  upper  curve  is  emission 
in  the  plane  and  the  lower  curve  is  emission  out  of  the  plane  of 
polarization. 

Three  things  are  very  clear.  First,  all  structures  show 
strong  photon  energy  matrix  element  effects.  This  is  still  true 
at  the  70  eV  photon  energy  used  for  Ndi.85Ceo.i5Cu04  in  Fig. 

1.  Second,  since  the  two  mirror  plane  emission  geometries 
sample  different  initial  state  symmetries,  we  know  that  the 
saddle  point  at  the  Fermi  level  and  the  lowest  binding  energy 
state  at  1  eV  have  the  same  symmetry  even  though  their 
strengths  do  not  track  because  of  differing  matrix  elements. 
Third,  since  the  out  of  plane  emission  suppresses  that  initial 
state,  we  can  see  that  there  is  a  second  set  of  states  at  slightly 
greater  binding  energy.  This  is  particularly  clear  at  17  and 
28  eV. 

This  data  reinforces  the  view  [3]  that  the  so  called  “1  eV 
peak”  is  in  fact  multiple  initial  states  in  general  parts  of 
the  zone  that  become  degenerate  and  sharpen  at  the  zone 
boundaries.  Selection  rules  and  strongly  varying  matrix  el¬ 
ements  allow  specific  states  to  become  dominant  features 
of  an  angle  resolved  photoemission  spectrum  under  specific 
conditions  with  high  quality  crystalline  samples.  The  signif¬ 
icance  of  Fig.  2  is  in  its  message  on  the  importance  of  a  full 
sampling  of  the  large  parameter  space  of  ARUPS  in  order 
to  get  a  complete  picture. 
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Abstract — We  report  the  first  angle  resolved  photoemission  spectroscopy  (ARPES)  study  of  single  crystals  of 
a  borocarbide  superconductor.  In  the  normal  state,  there  is  clear  evidence  of  dispersion  within  the  manifold 
of  Ni  3d  features  between  ~  1  and  3  eV  binding  energy.  Dispersive  features  were  also  observed  within 
1  eV  of  the  Fermi  level  (E^)  near  the  T  and  Z  points  of  the  bulk  Brillouin  zone.  Resonant  photoemission 
indicates  partial  Ni  character  for  these  states.  An  Ep  crossing  occurs  at  a  k-space  position  that  is  consistent 
with  a  predicted  hole  pocket  centered  on  the  G[  point  of  the  reciprocal  lattice.  In  the  photon  energy  range 
used  (17-200  eV),  symmetry  points  in  multiple  Brillouin  zones  were  consistently  located  assuming  a  free 
electron  final  state. 

Keywords:  YNi2B2C,  superconductor,  angle  resolved  photoemission. 


Band  structure  calculations  for  YNi2B2C,  and  related  boro¬ 
carbide  superconductors  predict  an  electronic  density  of 
states  (DOS)  peak  at  the  Fermi  level  that  is  about  50% 
Ni-derived  [1-4].  However,  a  corresponding  spectral  fea¬ 
ture  was  absent  in  angle  integrated  photoemission  studies 
of  scraped  YNi2B2C  polycrystals  [5,6].  It  was  suggested  that 
correlation  elfects  shift  spectral  weight  away  from  E'f,  hut 
the  details  of  energy  dispersion  and  the  extent  of  modifica¬ 
tion  from  a  local  density  approximation  picture  remained 
open  questions.  Here,  we  show  significant  variation  in  the 
angle  resolved  spectra  of  cleaved  YNi2B2C  single  crystals 
and  delineate  a  portion  of  the  near  Ep  dispersion.  Full  ex¬ 
perimental  details  will  be  given  in  a  future  paper. 

Symmetry  points  in  multiple  Brillouin  zones  were  located 
for  both  (110)  and  (100)  cleaves  allowing  an  accurate  de¬ 
termination  of  the  surface  normal  and  indicating  that  a 
free  electron  final  state  dispersion  and  an  inner  potential  of 
Fo=12.4  eV  could  be  assumed.  Figure  1  shows  a  series  of 
spectra  at  varying  photon  energies  taken  with  the  detector 
positioned  0  =  20°  from  the  surface  normal.  The  energy 
resolution  was  0.2  eV  and  the  analyzer  acceptance  was  2°. 
A  pronounced  peak  observed  at  0.5  eV  is  attributed  to  a 
dispersing  state  which  makes  its  closest  approach  to  Ep  at 
the  Z  point  in  this  cut  through  the  Brillouin  zone.  A  cor¬ 
responding  band  appears  at  a  binding  energy  of  0.547  eV 
at  Z  in  the  calculation  of  ref  [1].  While  this  feature  could 
be  located  in  at  least  six  different  experimental  geometries, 
it  was  not  observed  in  normal  emission  from  the  (100)  sur¬ 
face  at  the  appropriate  photon  energy,  nor  for  any  electron 
momentum  vector  in  the  ac  plane.  This  suggests  even  sym¬ 
metry  for  the  state  about  the  ac  plane  since  free  electron  fi¬ 
nal  states  in  this  plane  would  be  even  and  transitions  would 
then  be  symmetry  forbidden  [7]. 


^  Current  address:  Forschungszentrum  Karlsruhe,  INFP,  Karlsrhue, 
Germany. 


Fig.  1.  ARPES  spectra  of  the  YNi2B2C  valence  band  region  as  a 
function  of  photon  energy.  A  distinct  peak  appears  at  a  binding 
energy  of  0.5  eV  as  the  momentum  varies  through  the  Z  point 
of  the  Brillouin  zone.  The  momentum  space  path  traversed  by 
the  data  is  shown  in  the  inset  using  the  periodic  zone  scheme. 
Symmetry  points  are  indicated  with  solid  dots,  lines  indicate  zone 
boundaries,  and  the  Fermi  momentum  for  each  spectrum  is  plotted 
with  an  open  circle. 


While  Fig.  1  shows  spectra  in  the  =  0  plane  for  the 
(110)  surface.  Fig.  2  shows  data  in  the  k^  =  0.65^"^  plane 
('^  1/2  of  a  zone  up  along  k^).  Here,  the  T  point  is  encoun- 
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Fig.  2.  ARPES  spectra  showing  a  feature  with  0.4  eV  binding 
energy  near  F  dispersing  to  £f-  ^  crossing  in  this  part  of  the 
zone  corresponds  with  a  predicted  hole  pocket  centered  on  the  Gi 
point.  Symbols  are  as  in  Fig.  1,  but  the  calculated  Fermi  surfaces 
of  ref.  [1]  have  been  added.  Thin  (thick)  lines  indicate  electron 
(hole)  surfaces. 

tered  at  0  22*^  for  the  photon  energy  used.  The  spectra 

show  a  feature  with  binding  energy  of  0.4  eV  at  T  dispersing 
toward  the  Fermi  level  with  variations  in  6.  A  band  cor¬ 
responding  to  the  observed  feature  was  calculated  to  have 
a  binding  energy  of  0.535  eV  at  F.  Decreases  in  the  emis¬ 
sion  intensity  at  --  25°  and  15°  suggest  that  the  feature 
moves  across  E^.  Calculated  Fermi  surfaces  from  Ref.  [1], 
shown  in  the  inset  of  Fig.  2,  predict  Ep  crossings  very  near 
those  observed  experimentally.  A  second  feature  in  Fig.  2 
disperses  from  0.7  eV  to  higher  binding  energy  away  from 
r.  This  feature  corresponds  to  a  band  calculated  to  inter¬ 
sect  r  at  0.861  eV  binding  energy.  The  experimental  features 
are  thus  consistently  foimd  at  lower  binding  energies  than 
the  calculated  bands,  with  discrepancies  of  --0.1  eV  within 
1  eV  of  Ep.  The  calculated  and  observed  E(k)  behavior 
is  quite  similar,  but  a  contraction  of  the  calculated  bands 
toward  Ep  would  further  improve  the  agreement.  Spectral 
features  corresponding  to  several  bands  calculated  to  cross 
Ep  were  not  discerned.  This  may  be  the  result  of  unfavor¬ 
able  photoionization  matrix  elements  at  the  photon  energies 
required  to  obtain  the  desired  electron  momentum  vectors. 
In  particular,  a  flat  band  calculated  to  lie  just  at  Ep  at  T, 
which  contributes  largely  to  the  calculated  DOS  peak  was 
not  clearly  detected.  New  features  were  not  observed  when 
the  projection  of  the  polarization  vector  on  the  c-axis  was 
changed  from  zero  to  0.7  by  rotating  the  sample  90°. 

A  spectral  feature  not  accounted  for  in  band  calculations 
appeared  6.6  eV  below  the  main  Ni  3d  manifold  for  photon 


energies  above  the  Ni  3p  absorption  threshold.  We  attribute 
this  peak,  as  in  refs  [5]  and  [6],  to  a  final  state  with  two 
3d  holes  resulting  when  a  3d  electron  relaxes  to  fill  a  3p 
core  hole  and  the  excess  energy  ejects  a  second  3d  electron. 
Overlap  of  the  n  =  3  shell  wavefunctions  drives  this  process 
as  well  as  resonant  photoemission  (one  hole  final  state)  of 
the  Ni  3d  valence  electrons.  Resonant  PES  was  used  to 
test  the  parentage  of  the  states  in  the  vicinity  of  Ep  with 
photon  energies  swept  through  the  Ni  3p  edge.  In  agreement 
with  ref  [5],  the  near  Ep  emission  exhibited  an  intensity 
increase  at  the  Ni  3p  threshold  suggesting  at  least  partial 
Ni  character  for  these  states. 

In  conclusion,  we  observed  dispersing  electronic  states 
near  Ep  in  YNi2B2C.  The  states  are  at  least  partially  Ni- 
derived.  Spectral  features  corresponding  to  all  predicted 
bands  were  not  observed,  but  the  observed  features  showed 
dispersion  in  reasonable  agreement  with  calculation.  A  mi¬ 
nor  importance  of  electron  correlation  effects  is  suggested. 
Unfavorable  matrix  elements  for  remaining  bands  may 
explain  the  lack  of  a  peak  at  Ep  in  angle  integrated  PES 
studies. 
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Abstract~X-Ray  photoemission  spectroscopy  has  been  performed  on  Cui_xBa2Ca„_iCu„02«+4-5  ceramics 
and  epitaxial  films.  A  considerable  oxygen  loss  from  the  vicinity  of  (BaO/CuOj^/BaO)  blocldng  layers  has 
been  observed  even  on  the  in  situ  measured  films  or  the  ceramics  just  scraped  in  vacuum.  A  heat  treatment 
under  100%  O3  beam  is  useful  to  develop  their  intrinsic  surfaces.  Binding  energy  of  constituents  of  the 
treated  samples  are  similar  to  those  of  T1  system  superconductors. 

Keywords:  Cui^x^a2C^n-iCxi„02n+A~s  ,  XPS,  O3. 


1.  INTRODUCTION 

Cu-system  superconductor,  Cui-xBa2Ca„_iCu„02fl+4~5  ,  is 
characterized  as  a  coexistence  of  a  high  superconducting 
critical  temperature  Tc  of  1 17  K  in  case  of  «=4  and  the  low¬ 
est  anisotropy  in  transport  properties  among  high  temper¬ 
ature  superconductors  (HTSC)  with  Tc  >  100  K  [1].  A  key 
parameter  for  the  latter  seems  to  be  a  local  structure  of  its 
“single  CuOy  blocking  layer”  sandwiched  with  Ba-O  planes, 
such  as  oxygen  concentration  in  it.  In  their  X-ray  struc¬ 
ture  refinements,  some  ambiguities  still  remain,  especially 
in  oxygen-site-occupancy  in  the  CuO^  and  Ba-O  planes 
[2].  For  surfaces  of  most  of  superconducting  cuprates,  se¬ 
rious  chemical  degradation  by  air-exposure,  and  significant 
oxygen-loss  in  vacuum  environments  have  been  observed. 
From  fundamental  and  application  points  of  view,  there¬ 
fore,  investigation  of  its  surface  nature  and  development 
of  preparation  techniques  of  their  intrinsic  surfaces  are  de¬ 
sired.  In  this  study,  X-ray  photoelectron  spectroscopy  (XPS) 
has  been  performed  on  Cui_xBa2Ca„-iCu„02n+4-5  (n  =  3- 
5)  ceramics  and  epitaxial  thin  films.  The  effect  of  annealing 
in  pure  O3  beam  has  also  been  examined  to  develop  “clean 
surfaces”  of  them. 


2.  RESULTS  AND  DISCUSSION 

C03-free  superconducting  ceramics  were  prepared  by  sin¬ 
tering  at  1150°  under  a  pressure  about  4  GPa.  Thin  film 
samples  with  c-axis  preferred  orientation  were  epitaxially 
grown  by  multi-target  sputtering  in  layer-by-layer  manner. 
Details  of  sample  preparations  were  reported  in  our  pre¬ 
vious  papers  [3][4].  Absence  of  impurity-phase  and  epitax¬ 
ial  growth  of  them  were  confirmed  by  X-ray  and  reflec¬ 
tion  electron  diffractometry.  For  both  kinds  of  the  sam¬ 
ples  with  various  number  n  of  CUO2  sheets  in  unit  cell,  a- 
and  c-axis  parameters  agreed  with  reported  data.  Surfaces 


Table  1.  Summary  of  core  emission  spectra  of 
Cui_xBa2Ca;,_iCu„02«+4-(5  ceramics  and  thin  films 


Cu  2p3/2  (^Sd^) 

/(2p3d^QL)  Ba4d5/2  Ba3d5/2  Ca  2p 


As-grown  films  & 
scraped  ceramics 

0.25 

88.8-89.0 

779.0 

345.6 

O3  treated 

0.33 

87,8-88.0 

778.4 

345,5 

Tl2Ba2CaCu208 

0.34 

87.9 

778.3 

345.6,  344.4 

of  ceramics  samples  were  primarily  cleaned  by  scraping  in 
vacuum  prior  to  spectroscopy.  Film  samples  were  charac¬ 
terized  by  insitu  measurements.  XPS  has  been  performed 
at  room  temperature.  After  this  measurement,  in  order  to 
improve  their  surface  nature,  vacuum  annealing  up  to  400° 
was  applied  under  an  incidence  of  100%  O3  beam  with  flux 
>  1  X  lO^^cm”^  sec"^ 

All  of  the  fllm  samples  showed,  only  physically  absorbed 
CHx  and  O2,  of  which  there  was  little;  for  example,  inten¬ 
sity  of  absorbed  oxygen  peak  around  binding  energy  of  531 
eV  was  less  than  5%  of  the  intrinsic  one.  As  described  be¬ 
low,  each  of  core  emission  spectra  of  the  as-grown  films  was 
consist  of  almost  single  component.  These  surfaces  were, 
therefore,  fairly  clean.  Core  emission  signals  of  the  ceram¬ 
ics  just  after  the  scraping  were  quite  similar  to  the  as-grown 
film,  with  an  exception  that  peak-intensities  of  the  absorbed 
species  were  stronger  because  of  existence  of  grain  bound¬ 
aries.  After  the  O3  treatment,  the  absorbed  species  were 
close  to  our  detection  limit  on  the  both  kinds  of  the  speci¬ 
mens.  Therefore,  the  two  kinds  of  the  samples  are  not  distin¬ 
guished  in  discussion  of  core  signals  of  other  constituents. 

Before  the  O3  treatment,  the  Cu  2p3/2  core  emission  peak 
corresponding  to  ^3d^®L  (L:  hole  in  ligand)  final  states 
was  rather  narrow.  Relative  intensity  of  a  peak  of  2p3d®  to 
^3d^^L  was  about  0.25,  which  was  remarkably  low  in  com¬ 
parison  with  the  value  about  0.35  of  well-oxidized  HTSC  [5]. 
For  the  samples  both  before  and  after  the  treatment,  Ba  4d 
doublet  was  almost  consist  of  single  component.  It  means 
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Fig.  1.  Comparison  of  valence  band  spectra  measured  on 
Cui_xBa2Ca«-iCu«02fl+4-(5  before  and  after  the  O3  treatment. 


that  surface-reactions  should  be  negligible.  In  as-grown  or 
just  scraped  states,  however,  Ba  4d5/2  peak  positioned  at 
binding  energy  of  88.8-89.0  eV.  It  was  much  higher  than 
that  of  T1  system  superconductors  which  have  structural 
similarities  to  the  Cu  system  [6].  This  value  coincided  with 
that  of  tetragonal  phase  of  YBa2Cu307-5  (6  >  0.5)  [6]. 
Taking  it  into  consideration  that  core-binding  energy  of  Ba 
in  various  compounds  shows  a  negative  shift  with  oxidation 
states,  these  result  indicated  that,  for  the  vacuum-scraped 
or  as-grown  samples,  there  should  be  oxygen  vacancies  in 
the  vicinity  of  Ba  ions.  In  other  words,  as-received  samples 
should  already  lose  a  part  of  oxygen  from  their  surface  re¬ 
gion.  As  summarized  in  Table  1,  the  O3  beam  treatment 
resulted  simultaneously  in  a  decrease  of  binding  energy  of 
Ba  4d5/2,  and  of  Ba  3d5/2,  a  rise  of  spectral  weight  of  the 
Cu  2p3/2  ^3d^^L  in  higher  binding  energy  side  and  an  in¬ 
crease  of  ratio  of  (2p3d^)/(2p3d^^L)  in  Cu  2p3/2.  On  the 
other  hand,  a  much  smaller  shift  was  observed  in  Ca  2p  sig¬ 
nal.  These  results  mean  that  a  considerable  oxygen  vacan¬ 
cies  should  be  present  around  (BaO/CuOy/BaO)  blocking 
layers,  even  in  the  samples  just  in  vacuum-scraped  and  as- 
grown  states.  These  vacancies  have  been  effectively  filled  by 
the  O3  beam  treatment.  The  binding  energies  of  the  treated 
specimens  were  close  to  those  of  T1  system  superconductor, 
which  is  consistent  with  their  structural  similarity.  Figure 
1  shows  valence  band  spectra  of  the  sample  of  «  =  4  be¬ 
fore  and  after  the  treatment.  In  contrast  to  no  discontinuity 
around  Fermi  level  of  the  specimen  before  the  treatment, 
the  Fermi  edge  was  clearly  observed  after  the  treatment.  As 
a  result,  the  shape  of  the  spectrum  of  the  treated  samples 
gets  similar  to  Tl-system. 

Even  for  the  treated  samples,  ^3d^^L  peak  was  much 
narrower  than  that  of  Bi2212  and  La2Cu04,  whereas  it  was 
rather  close  to  CuO  [5].  Taking  into  account  the  fact  that  Cu 
ions  in  La2Cu04,  Bi2212  and  CuO  respectively  have  oxygen- 
coordination  number  of  6,  5  and  4,  the  result  means  that 
the  averaged  coordination  number  in  the  specimen  should 
be  fairly  close  to  4.  Though  a  higher  coordination  numbers 
beyond  4.5  was  assumed  on  a  model  in  X-ray  structure 
refinement,  the  results  obtained  in  this  study  indicate  that 
the  number  should  be  selfconsistently  determined. 


In  conclusion,  XPS  have  been  performed  on  the  Cu  sys¬ 
tem  ceramics  and  epitaxial  films.  A  considerable  oxygen  loss 
from  the  vicinity  of  blocking  layers  was  observed  on  the  in 
situ  measured  or  just  scraped  samples.  The  annealing  under 
the  100%  O3  beam  was  useful  to  develop  intrinsic  surface 
nature.  XPS  signal  of  the  treated  samples  are  quite  similar 
to  those  of  T1  system,  with  an  exception  of  a  narrower  Cu 
2p  2p3d^^L  peak  which  suggests  a  lower  oxygen  coordina¬ 
tion  number  of  Cu  ions. 
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Abstract — ^Resonant  and  angle-resolved  photoemission  measurements  were  performed  for  the  non-cuprate 
layered  superconductor  Sr2Ru04  {Tc  =  0.93  K).  Resonant  valence  band  photoemission  spectroscopy  shows 
the  existence  of  a  correlation  induced  satellite  to  the  main  d  band  across  the  Ru  4p-4<^  threshold.  Angle- 
resolved  measurements  show  a  surprisingly  narrow  band  of  about  50  meV  width  and  positioned  at  26  meV 
below  the  Fermi  level,  along  the  TX  and  YZ  directions.  This  band,  arising  fom  Ru  4d-0  2p  antibonding 
states,  is  nearly  dispersionless  over  a  wide  range  of  k  points  about  the  zone  boundary  along  the  T~Z  direction 
(Ru-O  direction),  reminiscent  of  the  extended  Van-Hove  singularity  observed  in  the  cuprates.  The  results 
emphasize  the  presence  of  strong  correlations,  substantial  charge-transfer  character  to  states  at  the  Fermi 
level  and  the  existence  of  a  singular  flat  band  near  the  Fermi-level  in  this  low  Tc  layered  superconductor, 
just  like  the  cuprates. 

Keywords:  Non-cuprate  layered  superconductor,  Sr2Ru04,  resonant  photoemission,  angle-resolved 
photoemission,  strong  correlations,  charge-transfer  character,  Van-Hove  singularity 


1.  INTRODUCTION 

Recently,  it  was  discovered  that  Sr2Ru04,  a  non-cuprate  Per- 
ovskite  layered  oxide  exhibits  superconductivity  at  0.93K  [1]. 
This  material  has  the  same  crystal  structure  as  La2Cu04(i.e. 
K2NiF4  structure)  with  two-dimensional  Ru02  planes  in¬ 
stead  of  the  Cu02  planes.  This  finding  has  provoked  much 
attention  on  how  the  non-cuprate  layered  superconductor 
is  similar  to  or  different  from  the  cuprate  superconductors 
with  much  higher  TcS. 

A  recent  band  structure  calculation  on  Sr2Ru04  [2]  pre¬ 
dicts  that  the  electronic  states  at  Fermi  Level  (Ej?)  consists 
of  Ru46fe(x>’  yz,  zx)-02pTT  anti-bonding  bands  in  contrast 
to  the  cuprates,  where  Cu3d(x^  -  y'^)-02pa  anti-bonding 
bands  cross  the  We  study  the  electronic  structure  of 
single-crystal  Sr2Ru04  using  resonant  and  angle-resolved 
photoemission  spectroscopy. 


2.  EXPERIMENTAL 

Photoemission  spectroscopy  was  performed  on  single¬ 
crystals  prepared  by  the  floating  zone  method.  The  resonant 
photoemission  measurements  were  performed  at  UVSOR, 
IMS,  Okazaki.  The  energy  resolution  was  0.3-0.5  eV  (21  eV 
-  60  eV).  The  measurements  were  done  on  clean  and  fresh 
surfaces  obtained  by  in  situ  cleaving  at  120  K.  The  intensity 
is  normalized  to  the  incident  photon  flux  and  the  Ey  was 
referenced  to  that  of  a  gold  film  deposited  on  the  surface. 

Angle-resolved  photoemission  measurements  using  Hel 
photons(21.22  eV)  were  performed  in  a  home-built  photoe¬ 


mission  spectrometer  [3].  The  energy  and  angular  resolu¬ 
tions  were  50  meV  and  2°.  Samples  were  cleaved  in  situ  and 
measured  at  20  K  in  a  vacuum  of  better  than  5  x  10“^^  Torr. 


3.  RESULTS  AND  DISCUSSION 

Figure  1  shows  resonant  photoemission  valence  band 
spectra  of  Sr2Ru04 .  In  the  21  eV  spectrum,  the  valence  band 
shows  a  feature  (A)  at  £>,  a  feature  (B)  at  about  3  eV,  and  a 
broad  peak  (C)  at  about  6  eV  binding  energy.  Comparison 
with  LAPW  band-structure  calculations  allows  us  to  assign 
the  feature  at  6  eV  binding  energy  to  have  primarily  bond¬ 
ing  02pir  character  mixed  with  the  KuAde  states.  The  peak 
at  Ef  consists  of  anti-bonding  states  of  Ru4^i?e  and  02/?7t 
while  non-bonding  states  are  at  about  3  eV  binding  energy. 

The  resonant  photoemission  spectra  show  a  clear  reso¬ 
nance  feature  across  the  Ru  4p^d  threshold  (about  40  eV) 
at  a  binding  energy  of  nearly  3  eV.  This  is  surprising  be¬ 
cause  XPS  measurements  show  primarily  Ru  4d  derived 
states  at  Ef-  The  observation  that  the  resonance  occurs,  not 
at  the  main  Ru  4d  band,  but  at  a  higher  binding  energy 
indicates  the  existence  of  a  correlation  induced  satellite  to 
the  main  d  band.  This  indicates  a  local  d^  final  state  occur- 
ing  at  about  3  eV  binding  energy,  while  the  well-screened 
feature  at  Ef  corresponds  to  the  d^L  configuration  (where 
L  denotes  a  ligand  hole)  implying  Sr2Ru04  has  substantial 
charge-transfer  character  in  the  ground  state  similar  to  the 
high-Tc  oxides  and  NiO. 

Since  the  satellite  arises  due  to  intra-site  Coulomb  inter¬ 
action  (Udd)  between  d  electrons,  one  can  make  a  simple 
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Fig.  1.  Angle-resolved  normal-emission  spectra  from  Sr2RuO4(001) 
taken  with  photon  energies  between  21  and  60  eV  at  120  K. 


Fig.  2.  Band  structure  of  Sr2Ru04  determined  by  the  present 
ARUPS  study  using  the  Hel(21.2  eV)  resonance  line.  Big  and  small 
circles  represent  major  and  minor  features  of  ARUPS  spectra.  A 
representative-band  structure  calculation  [2]  is  shown  as  broken 
lines  for  comparison. 

estimate  of  Udd  starting  from  the  one-electron  band  pic¬ 
ture.  The  binding  energy  of  the  valence  band  satellite,  = 
l€d  +  Udd,  where  Cd  is  the  binding  energy  of  the  primar¬ 
ily  d  derived  states.  =  2.7  eV  and  from  XPS  data,  €d  = 
0.6  eV,  and  thus,  -  1.5  eV.  From  a  tight  binding  fit  to 
the  LAPW  band  calculation  [2],  the  orbital  energy 
encG,  E(d€) -E (Oil) pn)  =  1,5  qY,E {d€)-E {0(11) pn)  = 
0  eV,  and  hopping  integrals,  pdixide  -  0{l)pn)  =  1.5  eV, 
pdn(d€  -  0(11) pn)  =  1.0  eV,  indicating  the  ground  state 
of  Sr2Ru04  is  similar  to  the  high-Tc  oxides,  i.e.  exhibiting 
on-site  Coulomb  interactions,  strong  hybridization  and  sub¬ 
stantial  charge-transfer  character. 

Figure  2  shows  the  band  structure  of  Sr2Ru04  deter¬ 
mined  by  angle-resolved  photoemission  (ARUPS)  for  two 


high  symmetry  directions  of  the  Brillouin  zone  (TX  and 
rz  direction).  A  LAPW  band-structure  calculation  [2]  for 
Sr2Ru04  is  shown  by  broken  lines.  For  bands  at  binding 
energy  more  than  1.5  eV,  the  observed  bands  shift  to  about 
1.0  eV  higher  binding  energy.  The  band  at  about  6  eV  at  F- 
point,  due  to  bonding  states  of  02p  and  Ru  Ad,  disperses  to 
higher  binding  energy  and  reaches  up  to  about  8  eV  binding 
energy  for  both  the  measured  directions.  Bands  around  3- 
4  eV  due  to  non-bonding  states  of  02p  show  similar  disper¬ 
sion  as  in  the  calculation.  On  the  other  hand,  the  band  near 
Ef  at  F-point,  which  is  derived  from  anti-bonding  states  of 
Ru  Ad  and  02p  is  closer  to  £>  compared  to  the  calculation, 
suggestive  of  strong  correlation  effects.  For  the  TX  direc¬ 
tion,  this  band  approaches  Ef  and  becomes  very  sharp,  be¬ 
fore  crossing  it  as  in  the  calculation.  For  the  FZ  direction,  it 
also  approaches  Ef  and  becomes  sharp,  but  does  not  cross 
it.  This  flat  and  narrow  band  is  very  similar  to  the  Van  Hove 
singularity  reported  for  the  cuprate  superconductors  [4,5]. 

In  summary,  the  electronic  structure  of  single-crystal 
Sr2Ru04,  a  non-cuprate  layered  superconductor  has  been 
studied  using  resonant  and  angle-resolved  photoemission 
spectroscopy.  The  study  shows  the  existence  of  a  correlation 
induced  satellite  to  the  main  Ru  Ad  band  which  exhibits  a 
remarkable  resonance  across  the  Ap^d  threshold.  Angle- 
resolved  measurements  show  a  surprisingly  narrow  band 
about  50  meV  width,  at  26  meV  binding  energy,  along 
the  FZ  and  FZ  directions.  This  band,  arising  fom  Ru 
Ad-O  2p  antibonding  states,  is  nearly  dispersionless  over 
a  wide  range  of  k  points  along  the  F-Z  direction  (Ru-O 
direction),  reminiscent  of  the  extended  Van-Hove  singu¬ 
larity  observed  in  the  cuprates.  The  results  indicate  strong 
correlations,  substantial  charge-transfer  character  and  the 
existence  of  a  singular  flat  band  near  Ef  in  this  low  Tc 
layered  superconductor,  just  like  the  cuprates. 
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Abstract— We  have  investigated  systematically  by  magnetization  measurements  the  penetration  depth  A  of 
HgBa2Cu04+5  with  doping  0.1  <  6  <  0.3,  ranging  from  the  underdoped  region  of  S  <  0.22  to  the 
overdoped  region  of  <5  >  0.22.  The  penetration  depth  was  found  to  vary  with  temperature  quadratically  for 
the  underdoped  samples  below  the  transition  temperature  (Tc)  over  the  entire  temperature  region  examined, 
while  linearly  for  the  optimally  doped  and  overdoped  samples  below  0.5  Tq.  The  observation  suggests  that 
the  temperature  dependence  of  A  is  affected  by  doping  in  a  complex  way  and  its  inference  to  the  pairing 
symmetry  should  be  taken  only  with  extreme  care. 
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1.  INTRODUCTION 

It  is  known  that  the  penetration  depth  A  of  a  supercon¬ 
ductor  is  related  to  the  superfluid  density  «s  as  oc  l/ws. 
The  temperature  dependence  of  ris  is  determined  by  that  of 
the  superconducting  energy  gap  A  which  depends  on  the 
superconducting  pairing  symmetry.  According  to  the  BCS 
Theory,  A  of  an  s-wave  superconductor  below  its  supercon¬ 
ducting  transition  temperature  Tc  is  given  by  [1]: 

A{r)  ~  A(0)[1  -2.5(Ao/r)*/2exp(-Ao/r)] 

for  Ao/r  »  1,  where  A(0)  is  A  at  0°and  Aq  is  the  small¬ 
est  A  over  the  Fermi  surface  at  0^^.  The  observation  of  the 
exponential  T-dependence  of  A  is  an  indication  of  the  ab¬ 
sence  of  nodes  or  lines  of  nodes.  For  a  d-wave  supercon¬ 
ductor  where  nodes  and/or  lines  of  nodes  exist,  AA(r)  = 
A(r)  -  A(0)  oc  r  at  low  temperatures  has  been  predicted  [2]. 
Experimentally,  different  T-dependences  of  AA  of  high  qual¬ 
ity  YBa2Cu307-samples  ranging  from  linear  to  quadratic 
and  occasionally  exponential,  have  been  reported  [3].  The 
difference  usually  is  attributed  to  the  unknown  difference 
in  sample  quality.  This  appears  to  be  consistent  with  the 
recent  prediction  [4]  that,  in  a  d-wave  superconductor  with 
a  non-zero  concentration  w/  of  strongly  scattering  impuri¬ 
ties,  AA  oc  T“  where  (x  =  2  for  T  <  T*  ^  Tc  and  a  =  1 
for  r*  <  r  Tc,  where  T*  is  the  cross-over  tempera¬ 
ture  and  increases  with  n,.  Unfortunately,  most  of  the  ex¬ 
periments  reported  were  carried  out  on  samples  with  TqS 
close  to  the  maximum  value  of  YBa2Cu307  and  a  sample 
with  the  highest  Tc  does  not  guarantee  a  structurally  perfect 
sample.  Therefore,  we  have  decided  to  investigate  systemat¬ 
ically  the  effect  of  doping  on  AACD  of  HgBa2Cu04+5.  We 


found  that  AAfD  oc  T^  below  Tc  for  all  underdoped  sam¬ 
ples,  whereas  AA(T)  oc  T  below  0.5  7^  for  the  optimally 
doped  and  overdoped  samples.  The  observations  cannot  be 
easily  reconciled  with  predictions  by  impurity  scattering  in 
a  d-wave  superconductor. 


2.  OUR  EXPERIMENT 

The  compound  system  examined — HgBa2CuO^+s 

HgBa2Cu04+5  has  displayed  the  largest  T^-variation  by 
anion  doping  only  with  minimum  perturbation  to  the  struc¬ 
tural  integrity  of  the  compound  [5].  By  increasing  5  from  0 
to  0.4,  Tc  can  be  varied  parabolically  from  0  K  to  its  maxi¬ 
mum  value  of  97  K  at  optimal  doping  Sop  =  0.22  and  back 
to  20  K.  The  compound  is  known  as  underdoped  when  6  < 
0.22,  and  overdoped  when  6  >  0.22.  We  have  examined  six 
samples  of  HgBa2Cu04+5:  three  are  underdoped  with  Tc  = 
40  and  88,  respectively;  one  optimally  doped  with  a  = 
96.5  K  and  two  overdoped  with  Tc  =  20,  at  45  and  87.5  K, 
respectively. 

The  experimental  method  used — dc  magnetization  measure¬ 
ments 

The  dc  magnetization  (M)  of  the  samples  studied  were 
determined  as  a  function  of  field  {H)  at  different  tempera¬ 
tures,  and  as  a  function  of  the  temperature  (T)  at  different 
fields.  Relaxation  effects  of  M  of  several  samples  were  also 
measured  at  different  and  T s. 
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Fig.  1.  The  underdoped  sample  with  Tq  =  40  K:  with  A(0)  3700.^ 

and  OL-1. 

The  data  analyses  adopted 

A  at  temperature  T  was  obtained  by  analyzing  the  re¬ 
versible  M(H)  at  different  T%  according  to  the  following 
models  due  to: 

(1)  London  who  considered  only  the  electromagnetic  en¬ 
ergy:  dM/dln^T  =  l/(4TrA^), 

(2)  Hao  and  Clem,  who  added  the  free-energy  asso¬ 

ciated  with  the  vortex  cores  to  London’s  model: 
dMidlnH  =  with  0.75  0.84, 

(3)  Bulaevskii  et  al.  who  included  the  fluctuation  effect  in 

the  Hao  and  Clem  model:  dM/d\nH  =  - 

above  a  critical  field  when  a  field  inde¬ 
pendent  magnetization  (M*)  exists  at  a  temperature 
(r*),  and 

(4)  Tesanovic  et  al.  who  proposed  a  characteristic  scaling 
behavior  in  the  thermodynamic  quantities  in  quasi  2D 
Type-II  superconductors  in  the  fluctuation  region  near 
Hc2  :  by  scaling. 

The  MT)-results 

Typical  results  of  AfD  are  shown  in  Figs  1-5  in  or¬ 
der  of  increasing  d:  [■] — ^London  model;[n] — Hao  and 
Clem  model;+ — ^Bulaevskii  et  al.  model; x— Tesanovic 
et  al.  model;  [-•  ^-A(0)[1  -  (T/Tc)"];  and  [— -]  — 
A(0)[i-(r/rc)]. 

Cayeats 

The  deduction  of  K{T)  from  M(T)  can  be  complicated 
by  the  sample  quality,  the  measuring  field  inhomogeneity, 
the  flux  pinning  and  the  model  used.  Special  steps  have  been 
adopted  to  address  the  above  issues.  The  largest  uncertainty 
of  AA(D  is  associated  with  the  paramagnetic  background 
of  unknown  origin,  shown  as  the  shaded  area  in  the  figures. 

Self-consistent  check 

While  M(T)  provides  meaningful  information  about  the 
T-dependence  of  A,  the  uncertainty  in  the  absolute  value  of 


Fig.  2.  The  underdoped  sample  with  Tq  =  88  K:  with  A(0)  --  1950^ 
and  oc  =  2. 


Fig.  3.  The  optimally  doped  sample  with  a  Tc  =96.5  K:[-*-  ] 
A(0)  -  1800^1  and  a  =  2.8;  and  [— ]  ~  1350^. 


Fig.  4.  The  overdoped  sample  with  Tc  =  87.5  K:[---  ]  A(0) 
mok  and  a  =  2.5;  and  [— ]  A(0)  ~  \250k. 


A  has  not  been  assessed.  However,  the  variation  of  «s  with  Tc 
by  our  best  fits  at  low  temperatures  can  be  obtained,  and  can 
be  compared  with  that  according  to  the  high  temperature 
fits  to  A(0)[i  -  (T/Tc)"].  The  results  are  displayed  in  Fig. 
6.  It  is  clear  that  the  low  temperature  fits  stated  above  lead 
to  a  meaningful  /is  normalized  to  the  total  carrier  densty 
/I,  i.e.  ns/n  oc  l/n\^{0)  which  varies  only  slightly  near  the 
maximum  Tq  as  expected,  in  contrast  to  the  /is  obtained 
from  high  temperature  fits. 
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Fig.  5.  The  overdoped  sample  with  Tq  =  40  K:  [-•  ■  ]  A(0)  ~  1660^ 
and  a  =  2;  and  [— •]  A(0)1300.i. 
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Fig.  6.  rts  1/«A^(0):  n  is  total  density,  [•] —  low  temperature  fits 
and  o — ^high  temperature  fits. 


3.  CONCLUSION 

We  have  determined  AA(  T)  of  HgBa2Cu04+5  with  a 
wide  d-range  by  measuring  M(T).  The  results  show  that 
AA(r)  oc  for  all  underdoped  samples  below  %  down  to 
5  K  and  AA(r)  oc  r  for  the  optimally  doped  and  the  over¬ 
doped  samples  below  «  O.STc.  The  results  cannot  reconcile 
with  previous  suggestion  that  the  defects  are  responsible  for 
the  -behavior  of  A  A  as  doping  deviates  from  the  optimal 
value  where  Tq  is  maximum.  The  impasse  may  be  partially 
alleviated  by  arguing  that,  for  HgBa2Cu04+5,  larger  5  may 
imply  a  more  perfect  structure  for  the  samples.  Unfortu¬ 
nately,  the  predicted  variation  of  the  cross-over  temperature 
r*  with  scattering  defects  was  not  bom  out  by  the  above 
argument.  It  is  therefore  concluded  that  doping  influences 
AA(r)  in  a  more  complex  way  than  previously  envisioned 
and  the  inference  of  AA(r)  to  the  superconducting  pairing 
symmetry  should  be  taken  with  extreme  caution. 
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Abstract— We  discuss  material  aspects  of  high  TcCompounds  with  reference  to  what  is  known  about  the 
pre-cuprate  superconductors.  A  correlation  between  cuprate  in-plane  lattice  parameter  and  Tcis  pointed  out. 
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In  the  pre-cuprate  search  for  higher  Fcsuperconductors,  a 
number  of  regularities  were  noticed  which  provided  a  kind 
of  loose  direction  towards  where  and  where  not  to  search  for 
higher  transition  temperatures.  These  regularities  included 
electron  per  atom  ratio,  particular  structures  and  structural 
characteristics,  electrical  resistivity  behavior,  the  interplay 
between  magnetism  and  superconductivity,  and  the  influ¬ 
ence  of  instabilities,  structural  or  otherwise.  It  is  worth  com¬ 
paring  what  we  know  from  these  earlier  studies  with  what  we 
have  learned  about  cuprates,  in  order  to  see  if  the  latter  are 
really  that  different  and  perhaps  to  provide  someone  with 
the  germ  of  an  idea  for  another  new  materials  direction. 

Probably  the  most  famous  regularities  observed  in  transi¬ 
tion  metal  superconductivity  are  the  Matthias  rules  [1]:  Tcis 
maximum  near  the  odd  integer  electron  per  atom  counts  of 
3,  5  and  7.  For  example,  the  highest  known  T^for  an  in- 
termetallic  is  24  K,  in  the  A15  structure  material  NbsGe, 
with  e/a  =  4.75  [2].  A  good  explanation  for  these  rules 
has  never  been  found,  but  their  general  applicability  in 
transition  metal  intermetallics  appears  connected  with  rigid 
band  ideas.  In  various  cluster-type  and  other  complex  com¬ 
pounds,  making  the  rules  work  requires  somewhat  ad  hoc 
modifications.  Recently,  Cava  et  al  reported  7^  =  23  K  in 
YPd2B2C  [3].  The  straight  forward  e/a  =  33/6  =  5.5.  This 
value  is  not  near  one  of  the  special  e/a  values,  but,  for 
example,  considering  C  as  an  interstitial  not  contributing 
any  electrons,  but  still  in  the  atom  count,  gives  e/a  =  4.83. 
On  the  other  hand,  perhaps  this  indicates  that  even  higher 
TcS  may  be  achieved  in  borocarbide  systems.  The  essential 
point,  however,  is  that  there  appears  to  be  an  optimal  elec¬ 
tron  count  in  a  given  structure  in  many  cases,  and  this  is 
clearly  also  the  case  for  the  high  r^cuprates.  Perhaps  the 
way  to  think  about  the  rules  is  in  terms  of  electron  counts 
slightly  less  than  half  filling. 

A  second  regularity  is  that  certain  structures  are  more  fa¬ 
vorable  for  superconductivity  than  others,  for  example  the 
A15  structure  [4].  An  aspect  of  this  regularity  seems  to  be 
that  higher  symmetry  is  better  than  lower  symmetry.  This 
manifests  itself  in  the  observation  that  when  an  element 
or  compound  exists  in  two  polymorphs,  the  high  temper¬ 


ature,  and  in  general  higher  symmetry,  polymorph  has  a 
higher  transition  temperature.  We  see  this  in  elemental  La 
(6  K  vs  4.8  K)  and  Ti  (3  K  vs  0.4  K)  [5].  Related  is  that 
structural  distortions  lower  Tc — ^the  “x  =  1/8”  anomaly  in 
La2-xBaxCu04  being  the  most  striking  cuprate  example  [6]. 

In  addition  to  the  overall  crystal  structure,  it  is  also  in¬ 
teresting  to  consider  structural  components  of  particular 
classes  of  superconductors.  This  is  brought  to  mind,  for  ex¬ 
ample,  by  the  quasi-two  dimensional  nature  of  the  cuprates, 
as  well  as  by  the  ubiquitous  presence  of  the  Cu02-planes. 
In  the  A15s,  the  3  mutually  orthogonal  sets  of  transition 
metal  chains  seem  an  important  aspect  of  their  physics, 
and  we  can  point  to  the  claim  that  cross  coupling  of  the 
chains  by  tetrahedrally  located  interstitial  hydrogen  is  dis¬ 
astrous  for  Tc,  In  the  molybdenum  sulfide  based  supercon¬ 
ductors,  many  different  superconducting  compounds  have 
been  found  with  various  and  different  clusters  of  molybde¬ 
num  sulfide  based  units,  extending  from  simple  polyhedral 
units  to  infinite  chains  [7].  Much  research  has  also  gone  into 
layered  materials,  such  as  TaS2  and  MoSi2.  In  TaS2  one  can 
intercalate  organics  between  the  S-layers.  This  causes  Tcto 
be  depressed,  but  does  not  kill  it,  even  for  50  A  spacings. 
In  contrast,  the  graphite  compound  CsCg  has  Tc  =  0. 1  K, 
while  the  double  graphite  layer  CsCi6  is  not  superconduct¬ 
ing  [8].  The  conclusion  here  is  that  the  reduced  dimensional¬ 
ity  in  itself  does  not  particularly  favor  superconductivity — a 
feature  that  is  also  observed  in  the  cuprates’  non-universal 
dependence  of  TcOn  the  number  of  Cu02  layers. 

There  was  a  general  expectation  in  the  1970s  that  the  pro¬ 
gression  from  element  to  binary  to  ternary  should  produce 
ever  higher  Tc$,  This  hope  was  based  on  the  fact  that  ele¬ 
ments  get  to  12  K  (La  under  pressure),  binaries  to  24  K.  It  is 
only  just  recently  that  an  intermetallic  quaternary  has  come 
close  to  this,  YPd2B2C  at  Tc  =  23  K  [3].  Surprising  is  the 
fact  that  the  Th-Pd-B-C  compound  with  Ti  =  21  K  occurs 
in  an  entirely  different  structure,  related  to  the  hexaborides 
[9,10].  In  the  meantime,  however,  the  doped  buckeyballs 
have  gotten  into  the  high  30s,  and  the  3D  perovskite-type 
BKBO  nearly  as  high.  The  conclusion  to  draw  from  these 
continuing  developments  seems  to  be  that  we  do  not  have 
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a  deep  understanding  of  real  materials,  especially  when  it 
comes  to  knowing  where  to  look  for  low  energy  phenomena 
such  as  superconductivity. 

The  temperature  dependence  of  the  electrical  resistivity 
of  transition  metal  superconductors  is  unusual  and  inter¬ 
esting.  The  high  Tcintermetallics,  such  as  NbsSn  (Tc  =  IS 
K),  show  the  so-called  saturating  behavior:  little  tempera¬ 
ture  dependence  above  room  temperature,  with  the  resistiv¬ 
ity  approaching  asymptotically  a  saturation  value  of  order 
150  cm  [11].  This  is  closely  related  to  the  Mooij  cri¬ 
terion,  that  transition  metal  alloys  with  resistivities  greater 
than  approximately  120  jjQ.  cm  tend  to  have  negative  tem¬ 
perature  coefficients  of  resistivities  [12].  This  is  seen  in  the 
saturating  resistivity  compounds,  in  that  fairly  modest  dis¬ 
order  produces  a  resistivity  of  this  order  near  TeCwith  small 
effect  on  Tc)  and  an  accompanying  negative  temperature  co¬ 
efficient  of  resistivity.  Also  interesting  is  the  ease  with  which 
this  disorder  resistivity  is  introduced.  Nothing  like  this  has 
been  found  in  the  cuprate  superconductors,  and  in  fact  the 
linear  temperature  dependence  of  the  electrical  resistivity  of 
the  cuprates  and  the  very  large  values  of  this  resistivity  are 
the  subject  of  continuing  speculation. 

An  important  part  of  low  temperature  superconductiv¬ 
ity  concerned  the  influence  of  magnetic  impurities  on  Tc. 
The  culmination  of  these  studies  was  the  discovery  of  the 
re-entrant  and  coexistent  phases,  such  as  the  Chevrel  and 
rare  earth  rhodium  borides  [13].  These  materials  appear 
to  be  such  that  the  magnetism  and  superconductivity  are 
associated  with  different  sublattices  in  the  structures,  and 
that  these  sublattices  are  only  weakly  coupled.  The  heavy 
Fermion  materials  are  different  in  this  respect,  in  that  the 
high  masses  arise  from  magnetic  interactions,  and  the  super¬ 
conductivity  occurs  in  the  high  mass  band.  The  appropriate 
description  of  the  superconductivity  in  the  heavy  Fermions 
which  are  both  magnetically  ordered  and  superconducting 
still  remains  a  problem  [14].  It  is  interesting  that  these  heavy 
Fermions  have  TV  >  unlike  the  great  majority  of  the 
Chevrel  and  rhodium  boride  materials.  The  recent  discov¬ 
ery  of  re-entrance  in  the  borocarbides  may  shed  new  light 
on  this  problem  [15].  In  the  cuprates,  the  relevance  of  mag¬ 
netism  to  superconductivity  still  remains  unclear.  There  is 
good  evidence  that  there  is  no  co-existence  of  magnetism 
and  superconductivity  here,  but  the  importance  of  what 
might  be  called  residual  magnetic  interactions  (as  might  be 
seen  in  are  still  very  much  debated.  Defects  in  the 

CuOa-planes  give  rise  to  a  Curie-Weiss  susceptibility,  just 
as  in  heavy  Fermions.  This  similarity  points  up  the  highly 
correlated  nature  of  both  classes  of  materials. 

The  final  regularity  on  our  list  concerns  instabilities.  In 
particular,  it  is  a  quite  general  rule  for  the  low  Tcmaterials 
that  the  maximum  Tcis  foimd  next  to  some  kind  of  instabil¬ 
ity,  be  it  structural  or  electronic.  This  is  to  say  that  it  is  hard 
to  achieve  the  highest  TcS.  What  do  we  really  mean  by  this? 
We  know  that  we  can  vary  the  Tiof  A15s  smoothly  with 
el  a.  However,  the  A15ss  cover  a  wide  range  of  TcS  even  at  a 
given  el  a:  VaSi,  NbaSn  and  NbaGe  do  not  all  have  the  same 
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Fig.  1.  In-plane  lattice  constant  (ao)  vs  superconducting  critical 
temperature  (Tc),  for  many  of  the  cuprate  superconductors.  Dif¬ 
ferent  symbols  denote  different  numbers  of  Cu02  planes  per  con¬ 
duction  block. 
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Fig.  2.  In-plane  lattice  constant  (ap)  as  a  function  of  hole  count 
(x+y)  for  La2->Sr;^Cui-xLi^04.  The  lines,  which  are  guides  to  the 
eye,  show  the  transition  from  orthorhombic  to  tetragonal  crystal 
symmetry  as  a  function  of  hole  concentration  at  room  temperature. 

The  data  for  La2”>^Sr^Cu04  are  after  [19]. 


Tc.  And  NbaGe  is  difficult  to  make  with  Tc  =  24  K.  There 
is  good  reason  to  think  that  NbgSi  would  have  Tcaround 
28  K  if  it  could  be  made  stoichiometric.  But  nobody  has 
come  close,  and  the  highest  Tcfoxmd  is  9.3  K  [16]. 

Something  similar  may  be  going  on  in  the  cuprates.  It  is 
reasonable  to  suppose  that  the  dhi-O-Cu  distance  is  rele¬ 
vant  to  Tc.  A  plot  of  Tcversus  the  tetragonal  ao  parameter 
(appropriately  scaled  for  the  orthorhombic  structures)  for 
cuprates  shows  an  interesting  feature:  only  two  supercon¬ 
ductors  (with  more  modest  Tci)  exist  beyond  Uo  =  3.88  A 
(see  Fig.  1).  These  two  cases  in  fact  are  n-doped  supercon¬ 
ductors.  So  we  can  conjecture  that  a  larger  ap  parameter 
could  give  higher  Tcin  hole-doped  cuprates.  And  we  can  also 
see  in  the  plot  the  influence  of  layer  number  as  a  weaker 
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effect  on  7^.  A  similar  plot  has  been  shown  by  Rao  et  al 
[17],  although  they  draw  a  somewhat  different  conclusion. 
The  size  cannot  be  the  whole  story,  since  pressure  raises 
Tcin  almost  all  cases,  showing  that  something  else  goes  on 
at  the  same  time.  We  have  also  made  a  related  observation 
in  our  work  on  La2->;Sr;,Cui-jcLi;c04  (Fig.  2)  in  which  Uq 
depends  only  on  the  combined  hole  count  (x  +  y)  and  not 
on  their  individual  values.  Since  Sr  and  Li  substitute  on 
different  sites  and  with  different  amounts  of  size  mismatch 
(Li  is  approximately  the  same  size  as  Cu  while  Sr  is  10% 
bigger  than  La),  the  lattice  constant  must  be  determined  by 
the  net  hole  concentration  in  the  Cu02  plane,  independent 
of  its  source  [18]. 

The  original  theory  of  superconductivity  using  the 
phonon  mechanism  turned,  in  a  sense,  the  superconducting 
materials  problem  around.  All  metals  have  phonons,  so  we 
should  ask  not  why  a  given  one  is  superconducting,  but 
why  not  all  metals  are.  How  high  a  TcWe  can  find  is  a  detail, 
but  the  one  we  want  an  answer  to.  The  lattice  instability- 
T^relation  had  a  clear  logic  to  it  within  the  phonon  mech¬ 
anism.  Any  other  mechanism  should  be  manifest  in  a 
similar  way.  The  various  correlations  guiding  the  search 
for  new  and  higher  T^s  before  the  cuprates  still  remain 
poorly  or  not  at  all  understood.  But  when  TcCan  be  seen 
being  limited  at  some  kind  of  barrier,  then  we  have  a  clear 
direction  to  move  in.  The  20%  increase  in  Tc  occasioned  by 
NbsGe  came  from  just  such  reasoning,  and  cuprates  give 
no  obvious  reason  to  be  thought  different  in  this  respect. 
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Abstract— We  have  measured  the  Hall  component  of  the  thermal  conductivity  in  the  mixed  state  of 
YBCO.  K%y  is  observed  to  be  unusually  large.  From  its  strong  field  dependence  we  deduce  the  quasi-particle 
mean  free  path  ^o-  Between  90  K  and  15  K,  increases  rapidly  from  80  A  to  2500  A. 


Microwave  loss  measurements  suggest  that  the  lifetime 
of  quasi-particles  {qp)  in  YBa2Cu307(YBCO)  crystals  be¬ 
comes  very  long  at  low  temperatures  {T)  [1].  Is  it  possible 
to  observe  directly  the  long  mean-free-path  {mfp)  implied 
by  the  lifetime?  In  principle,  the  qp  mfp  may  be  derived 
from  the  in-plane  thermal  conductivity  k^x-  However,  Kxx  is 
comprised  of  electronic  and  phonon  contributions,  and 
respectively,  viz.  Kxx  =  +  kp*.  There  is,  at  present, 

disagreement  [2-5]  on  the  relative  size  of  the  two  terms  (in 
YBCO  the  electronic  part  includes  contributions  from  the 
chain  electrons).  Cohn  [3,  4]  and  coworkers  argue  that  the 
well-known  peak  in  Kxx  is  primarily  phononic  while  Yu  et 
al  [2,  5]  propose  that  it  is  largely  caused  by  qp  excitations. 

We  describe  an  experiment  in  which  we  have  used  the 
asymmetric  scattering  of  qp  by  pinned  vortices  to  isolate  the 
in-plane  electronic  component.  We  find  that,  in  YBCO,  the 
off-diagonal  (Hall)  component  K\y  is  very  large.  The  mean 
free  path  in  zero-field  may  be  determined  from  its  field 
dependence.  The  Hall  current  allows  us  to  distinguish  the  in¬ 
plane  electronic  excitations  from  phonons  and  the  “chain” 
qp  (since  they  do  not  see  the  asymmetric  scattering).  While 
many  studies  exist  of  the  field  dependence  of  Kxx  in  the 
cuprates,  the  thermal  Hall  current  (usually  called  the  Righi- 
Leduc  effect)  does  not  seem  to  have  been  investigated.  The 
experiment  also  provides  new  information  on  the  role  of 
quasi-particles  in  the  flux-flow  electrical  Hall  effect. 

In  our  experiment  the  field  H  is  applied  normal  to  the 
ab  plane  while  a  longitudinal  thermal  current  Jq//x  is  ap¬ 
plied  in-plane,  parallel  to  an  edge  of  the  crystal.  The  crystal 
used  is  twinned,  with  Tc  =  92.4  K.  Both  the  longitudinal 
and  transverse  thermal  gradients,  -dxT  and  -dyT,  respec¬ 
tively,  were  measured  as  H  is  swept  from  - 14  to  +14  Tesla. 
To  correct  for  the  large  effect  of  remanence  below  45  K, 
the  measurements  were  repeated  sweeping  in  the  opposite 
direction.  The  thermal  resistivity  tensor  Wij  was  calculated 
from  -dxT  and  -dyT  measured  in  the  four  field  sweeps.  By 
inverting  the  matrix  Wij,  we  obtain  and  Kxx-  Figure  1 
displays  the  field  dependence  of  K\y  at  selected  temperatures. 

At  high  temperatures,  K^y  is  almost  linear  in  /f.  As  T 
decreases,  negative  curvature  becomes  increasingly  appar- 


Fig.  1.  The  Hall  thermal  conductivity  K%y  measured  in  YBCO. 


ent.  The  overall  magnitude  of  also  increases  rapidly.  As 
we  argue  below,  the  negative  curvature  reflects  the  rapidly 
increasing  mfp  of  the  qp  in  zero  field  Below  40  K, 
the  overall  magnitude  of  decreases  with  decreasing  T 
(this  reflects  the  decrease  in  the  entropy  carried  by  each 
qp).  However,  the  curvature  in  the  trace  of  continues 
to  increase  monotonically.  The  rapid  shift  from  weak-field 
to  strong-field  behavior  shown  in  the  figure  provides  rather 
direct  evidence  for  very  long  qp  mean  free  paths  in  single¬ 
crystal  YBCO. 

The  differential  cross-section  for  scattering  of  a  qp 

by  a  vortex  line  has  been  calculated  by  Cleary  [6],  The  tran¬ 
sition  rates  are  expressed  by  the  transverse  (or  Hall)  cross 
section  and  the  transport  cross  section  We  may  treat 
the  asymmetric  scattering  in  a  way  similar  to  skew  scatter¬ 
ing  of  electrons  from  magnetic  ions  using  the  Boltzmann 

equation  approach  for  the  qp  [7],  (“  V  T)  (  -  ^ )  =  .^ + 4, 

where  with  Ek  -  +  A(k)2.  Here,  4  and  4 

are  the  collision  integrals  and  A(k)  is  the  gap  parameter. 
Solving  the  equation  by  the  variational  approach  [8],  we 
may  express  the  conductivities  in  terms  of  cr-*'  and  viz. 
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Fig.  2.  The  zero-field  mf  p  in  YBCO  derived  from  the  curves 

in  Fig.  1.  Tlie  line  is  a  guide  to  the  eye. 
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with  <t>o  the  flux  quantum.  Here,  the  scattering  rates  are 
defined  as  an  average  over  the  Fermi  Surface  weighted  by 
We  also  assume  that  the  elastic  scattering  process 
from  vortices  and  the  inelastic  scattering  process  (that  de¬ 
termines  So  in  zero  field)  are  additive,  viz.  \ 

B|  V- 

In  Fig.  1  the  fit  of  K^y  to  eqn  2  is  shown  at  two  temper¬ 
atures.  The  curvature  depends  only  on  while  the  vertical 
scale  depends  on  the  product  The  fits  allow  a  direct 
determination  of  So  at  each  temperature.  The  steep  increase 
in  £o  is  shown  in  Fig.  2. 

A  significant  result  is  the  sharp  upturn  in  at  7^.  The 
abrupt  change  in  lifetime  implies  that  the  intense  scatter¬ 
ing  that  leads  to  the  linear- J  resistivity  in  the  normal  state 
is  rapidly  suppressed  below  Tc.  We  note  that  if  the  intense 
scattering  above  Tc  were  caused  (mainly)  by  phonons  we 
should  see  practically  the  same  qp  scattering  rate  a  few  K 
below  Tc.  The  sharp  upturn  in  seems  to  provide  very 
strong  evidence  against  dominant  phonon  scattering.  The 
mechanism  responsible  for  the  intense  inelastic  scattering  in 
the  normal  state  is  strongly  suppressed  when  superconduc¬ 
tivity  occurs.  Therefore  it  must  be  electronic  in  origin.  Our 
data  support  models  in  which  superconductivity  removes 
strongly  fluctuating  fields  (such  as  gauge  fluctuations)  that 
exist  in  the  normal  state. 

At  our  lowest  temperature,  attains  values  near  2,500  A 
(in  our  calibration,  we  adopt  the  value  =  25  A,  reported 
in  Ref.  [9]).  No  saturation  in  the  growth  of  Sq  is  apparent 


at  15  K.  The  T  dependence  of  -^o  ^  is  in  good  agreement 
with  the  scattering  rate  obtained  by  Bonn  et  al.  [1]  in 
a  Zn-doped  YBCO  crystal.  Quantitative  comparison  with 
their  lifetime  values  implies  an  average  velocity  v^sr  =  2  X  10^ 
cm/s.  (t“^  has  a  rather  steeper  T  dependence  in  untwinned 
crystals). 

Equation  2  shows  that  it  is  possible  to  compute  the  zero- 
field  value  of  at  each  temperature  from  the  Hall  term 
Kly  alone,  once  £o  is  known.  Using  the  data  for  £q  shown  in 
Fig.  2  for  this  calculation,  we  have  computed  from  the 
weak-field  value  of  We  will  report  elsewhere  a  compar¬ 
ison  of  the  obtained  in  this  way  with  the  total 

The  present  results  also  add  new  insight  to  the  sign- 
reversal  problem  in  the  electrical  Hall  conductivity  axy.  Re¬ 
cent  work  [9-11]  shows  that  the  total  Hall  current  may  be 
decomposed  into  a  positive  qp  electrical  Hall  conductivity 
a^y  and  a  negative  vortex  term  a^y,  viz.  axy  =  crxy  + 

However,  there  is  disagreement  over  the  meaning  of  a^y. 
Is  it  associated  with  normal  excitations  within  the  vortex 
core,  or  with  qp  excitations  outside  the  core?  The  former  in¬ 
terpretation  is  implicit  in  some  recent  flux-flow  studies  [12], 
whereas  Harris  et  al  [9,  10]  propose  the  second  viewpoint. 
In  the  present  experiment,  the  vortices  are  pinned.  Thus, 
the  complication  of  dealing  with  the  chemical  potential  gra¬ 
dient  caused  by  flux  motion  is  not  a  factor.  The  thermal 
current  experiment  offers  direct  evidence  that  qp  excitations 
outside  the  core  carry  a  substantial  current  because  of  the 
long  mfp.  The  values  of  estimated  from  here  are 
in  good  agreement  with  those  obtained  from  aj^y  [9].  This 
strongly  suggests  that  both  the  electrical  and  thermal  Hall 
experiments  probe  excitations  outside  the  core.  Thus,  the 
term  a^y  is  properly  identified  with  excitations  outside  the 
core.  In  addition  to  the  flux-flow  Hall  effect,  we  expect  the 
qp  current  to  be  important  in  studies  of  the  Ettinghausen, 
Nemst  and  thermopower  coefficients  in  the  mixed  state, 
even  at  low  T. 

The  thermal  conductivity  provides  a  promising  probe  of 
the  superconducting  state  in  the  cuprates  provided  one  can 
separate  the  electronic  and  phononic  components  unam¬ 
biguously.  Asymmetric  scattering  from  vortices,  amplified 
by  the  unusually  long  mfp,  seems  especially  promising. 
At  temperatures  below  10  K,  the  qp  may  travel  distances 
exceeding  0.5  ^m  between  collisions  in  zero  field.  This  may 
provide  a  sensitive  probe  of  both  the  vortex  lattice  as  well 
as  the  condensate  itself.  Close  to  Tc,  detailed  measurements 
of  Kly  may  yield  information  on  the  growth  of  the  gap  that 
is  difficult  to  obtain  using  other  probes.  Further  progress 
relies  on  an  improved  understanding  of  vortex  scattering 
with  (/-wave  (or  mixed  s  and  cf)  pairing  symmetry. 
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Abstract— The  anisotropy  of  the  magnetic  field  dependence  of  the  specific  heat  of  YBa2Cu307_5  can  be 
used  to  identify  different  low-energy  excitations,  which  include  phonons,  spin- 4  particles,  and  electronic 
contributions.  With  a  magnetic  field  H  applied  perpendicular  to  the  copper  oxide  planes,  we  find  that  the 
specific  heat  includes  a  linear- T  term  proportional  to  -JH.  The  nonlinear  field  dependence  of  the  density  of 
states  at  the  Fermi  level  si^ests  that  there  are  quasiparticle  excitations  throughout  the  entire  vortex,  not  just 
in  the  vortex  core.  The  term  agrees  quantitatively  with  G.  Volovik’s  prediction  for  a  superconductor 

with  lines  of  nodes  in  the  gap.  A  similar,  but  much  smaller,  effect  is  predicted  for  fields  parallel  to  the  planes, 
and  sensitive  measurements  of  the  in-plane  anisotropic  magnetic  field  dependence  of  the  specific  heat  could 
be  used  to  map  out  the  nodes. 


1.  INTRODUCTION 

Among  recent  experiments  supporting  the  possibility  of 
lines  of  nodes  in  the  gap  function  of  some  of  the  high-Tc 
materials  [1],  measurements  on  single-crystal  YBa2Cu307_5 
(YBCO)  show  a  linear  temperature  dependence  of  the  pen¬ 
etration  depth  [2],  as  predicted  for  superconductors  with 
lines  of  nodes  in  the  clean  limit  [3].  The  density  of  states 
N(E)  in  such  superconductors  rises  linearly  with  energy 
at  the  Fermi  level  in  zero  field,  which  should  result  in  a 
quadratic  term  (xT^  in  the  specific  heat  [4].  A  material  with 
a  finite  N{Ef)^  such  as  a  normal  metal  or  a  disordered  su¬ 
perconductor  with  lines  of  nodes  [5],  has  a  linear  term  yT 
in  the  zero-field  specific  heat,  with  y  oc  N(Ef). 

G.  Volovik  predicted  that  for  a  superconducting  state  with 
lines  of  nodes,  the  dominant  contribution  to  the  magnetic 
field  dependence  of  the  density  of  states  at  the  Fermi  level 
is  N(Ef,H)  =  KNny/H I Hc2,  where  Nn  is  the  normal-state 
DOS  and  K  is  a  factor  of  order  1  [6].  The  factor  k  is  defined 
by  the  vortex  lattice  structure,  by  the  slope  of  the  gap  near 
the  gap  node,  and  by  possible  structure  in  Nn^  The  quasi¬ 
particles  which  contribute  to  N(Ef,  H)  are  outside  the  vor¬ 
tex  cores,  and  are  close  to  the  nodes  in  momentum  space. 
By  contrast,  it  is  usually  thought  that  in  a  clean  5-wave  su¬ 
perconductor  the  quasiparticles  are  confined  to  the  vortex 
cores  [7]. 

In  previous  papers  [8,9]  we  reported  measurements  of  the 
magnetic  field  dependence  of  the  specific  heat  of  twinned 
and  untwinned  single  crystals  of  YBa2Cu306.95  which  were 
prepared  identically  to  those  showing  linear  temperature 
dependence  of  the  penetration  depth  [2,10].  These  crystals 
have  a  linear  term  y(0)r  in  the  zero-field  specific  heat,  a 


quadratic  term  (xT^  which  is  only  a  few  percent  of  the  total 
zero-field  specific  heat,  and  an  additional  field-dependent 
linear-T  term  y^EDT  which  obeys  yAEl)T  -  Ay/HT. 
Two  of  these  terms,  (xT^  and  A-fHT,  agree  quantitatively 
with  the  predictions  of  lines  of  nodes. 

In  this  paper  we  summarize  the  previous  analysis,  in¬ 
cluding  alternative  fits,  and  present  results  on  the  sample 
dependence  of  the  zero-field  linear  term,  y(Q)T.  We  also 
discuss  the  physical  origin  of  the  y/H  dependence  of  the 
density  of  states  and  the  prospects  for  observing  this  effect 
in  a  magnetic  field  applied  parallel  to  the  plane.  In  princi¬ 
ple,  measurements  of  the  in-plane  anisotropic  magnetic  field 
dependence  of  the  specific  heat  could  be  used  to  map  out 
the  nodes. 


2.  TECHNIQUE 

The  specific  heat  was  measured  using  a  relaxation  method 
described  in  detail  elsewhere  [1 1].  The  sample  was  mounted 
on  a  sapphire  substrate  with  a  weak  thermal  link  (thermal 
conductance  k^)  to  a  constant-temperature  copper  block. 
At  each  temperature  and  field,  was  measured  by  apply¬ 
ing  power  P  =  KATsampie  “  Ttiock)^  A  Smaller  temperature 
difference  was  then  used  to  make  a  relaxation  measurement 
of  the  thermal  time  constant  t  =  CK^y  where  C  is  the  total 
heat  capacity.  The  precision  of  the  measurement  in  the  tem¬ 
perature  range  2-10  K  is  0.5%.  The  addenda  heat  capac¬ 
ity  can  be  as  high  as  half  of  the  total  heat  capacity,  limiting 
the  absolute  accuracy  in  some  measurements  to  10%.  The 
addenda  specific  heat  is  mostly  due  to  phonons,  so  that  most 
of  the  systematic  uncertainty  effects  only  the  Debye  pT^ 
term.  Measurements  of  an  empty  substrate  showed  that  the 
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Fig,  1 .  Total  specific  heat  at  0  and  8  Tesla  for  sample  T1 . 

addenda  heat  capacity  does  not  depend  on  the  applied  mag¬ 
netic  field  within  the  precision  of  the  data.  The  accuracy  of 
the  field  dependence  of  the  specific  heat  is  better  than  1%. 


3.  CRYSTALS 

All  of  the  samples  are  single  crystals  of  YBa2Cu307-5 
grown  by  the  same  flux-growth  technique  [10]  as  crystals 
which  show  linear  temperature  dependence  of  the  penetra¬ 
tion  depth  [2],  Results  have  been  obtained  on  two  nomi¬ 
nally  pure,  twinned  single  crystals  (samples  T1  and  T2).  A 
0.8  mg  piece  was  cleaved  from  one  of  the  twinned  crystals, 
sample  Tl,  and  detwinned  to  create  sample  Ul.  About  20% 
of  the  surface  of  sample  Ul,  near  two  of  the  corners,  had  a 
high  density  of  visible  twins  remaining  after  the  detwinning 
process.  Sample  T2  was  mostly  detwinned  to  create  sample 
U2,  which  had  visible  twin  boundaries  remaining.  Both  U 1 
and  U2  were  reoxygenated  subsequent  to  detwinning. 


4.  RESULTS 

Fig.  1  shows  the  specific  heat  of  sample  Tl  in  an  8  Tesla 
field  applied  either  parallel  or  perpendicular  to  the  copper 
oxide  planes.  The  total  specific  heat  includes  the  Debye 
phonon  contribution,  which  has  a  similar  value  in 
all  three  data  sets;  the  zero-field  linear  term  y(0)r,  which 
appears  as  a  finite  intercept  on  the  c/T-axis;  a  magnetic 
contribution  from  spin-|  particles,  ncschonkyiT,  H)^  which 
appears  as  a  low-temperature  bump  peaking  around  3-4  K 
in  both  parallel  and  perpendicular  fields;  and  a  substantially 
increased  linear  term  in  perpendicular  field,  yj_{H)T. 


Table  1.  Global  Fit  Parameters  (mJ,  mol,  K,  and  T). 


Sample  Tl 

Sample  Ul 

yiO) 

3.0  ±0.1 

2.1  +0.1  -0.2 

n 

24  ±  1 

23  ±  1 

e 

0.392  ±0.001 

0.380  ±0.004 

a 

0.11  +  0.02 

0.10  ±0.06 

ViiH) 

0.91 

0.88^/S' 

4.1.  Perpendicular  field — global  fit 

To  model  the  perpendicular  field  dependence,  identical 
analyses  are  performed  on  data  from  samples  Tl  (H  =  0, 
0.5,  2,  4,  6  and  8  Tesla)  and  Ul  (//  =  0,  0.5,  2,  4,  6,  8  and 
10  Tesla).  A  global  fit  is  used  to  constrain  the  concentration 
of  spin-^  particles,  n,  and  the  phonon  specific  heat,  to 
be  field-independent.  Allowing  for  the  possibility  of  a  small 
quadratic  term,  ofT^,  as  predicted  for  lines  of  nodes,  the 
zero-field  specific  heat  is  described  by: 

c(7:0)  =  ymT  +  aT^  pT\  (1) 

The  specific  heat  for  /f  >  0.5  T  is  described  by: 

ciZH)  = 

(y(0)  +  yAH))  ncschoukyigUBHjkBTl  (2) 

where 

e^ 

CSchottky(^)  =  +e^)2' 

All  data  sets  are  fit  simultaneously  to  eqns  1, 2,  and  3  with 
a  Lande  g-factor  of  g  =  2  [9].  Thus,  p  and  n  are  constrained 
by  multiple  data  sets,  y(0)  and  a  are  constrained  by  the 
zero-field  data,  and  y±{H)T  is  allowed  a  different  value  at 
each  field.  The  statistical  confidence  levels  are  determined 
by  a  boot  strapping  technique  [12],  in  which  alternative 
data  sets  are  randomly  chosen  from  the  original  data  set 
and  the  fitting  procedure  is  repeated.  This  procedure  for 
determining  the  statistical  error  bars  avoids  making  any 
assumption  about  the  statistical  error  distribution  of  the 
data  set. 

The  parameters  determined  from  this  fit  are  shown  in 
Table  1,  with  90%  statistical  confidence  levels.  The  coef¬ 
ficient  of  the  Schottky  anomaly,  n,  indicates  0.1%  spin-| 
particles  per  Copper.  The  coefficient  of  the  Debye  term, 
p  =  0.39mJ/mol  corresponds  to  a  Debye  temperature 
of  400  K.  The  difference  in  the  Debye  term  between  the  two 
samples  is  within  the  systematic  error  of  the  Debye  term 
of  the  addenda.  The  rms  deviation  of  the  data  from  the  fit 
is  0.8%  for  Tl  and  2.7%  for  Ul.  The  higher  scatter  in  the 
data  for  the  untwinned  crystal  Ul  results  from  the  smaller 
sample  size.  The  data  and  fits  for  both  samples  are  shown 
in  Fig.  2,  with  the  phonon  specific  heat  (pT^)  subtracted. 

In  the  measurements  on  single  crystals  of  YBCO  reported 
here,  the  phonon  specific  heat  obeys  the  Debye  PT^  law  up 
to  8  K.  In  the  zero-field  data  set  on  sample  Tl,  for  example, 
fits  from  2  to  4  K  and  from  4  to  7  K  give  the  same  value  of 
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Fig.  2.  Nonphonon  specific  heat  for  samples  T1  and  Ul,  with  the 
global  fit  described  in  the  text. 


4 

H(T) 


Fig.  4.  Coefficient  of  the  linear  term  for  crystal  Tl,  determined 
by  (a)  independent  fits  in  which  all  parameters  might  be  field- 
dependent,  and  (b)  a  global  fit  with  the  =  0  data  set  excluded. 


Fig.  3.  Coefficient  of  the  linear  term  for  crystals  Tl  and  Ul, 
determined  by  the  global  fit  described  in  the  text. 


P  within  statistical  error,  indicating  that  higher  powers  of 
temperature  are  not  necessary  to  describe  the  data.  Above 
8  K,  the  deviations  from  are  better  described  by  a 
gapped  excitation  such  as  an  optical  phonon  mode  than 
by  a  sum  of  and  terms.  In  contrast,  the  data 

on  many  polycrystalline  samples  require  a  large  term  to 
describe  the  phonon  specific  heat  even  below  5  K  [13].  In 
order  to  avoid  the  extra  parameters  necessary  to  describe 
the  phonon  specific  heat  above  8  K,  all  of  the  fits  reported 
in  this  paper  are  restricted  to  7  <  7  K. 

The  field-dependent  linear  term,  y^(H)T,  has  a  nonlin¬ 
ear  dependence  on  field  (Fig.  3).  This  nonlinear  field  depen¬ 
dence  is  well-described  by  y±(H)  =  A\/H,  with  ^  =  0.9 
mJ/mol  K^T^/^  for  both  samples  Tl  and  Ul. 


4.2.  Perpendicular  field — alternative  fits 

The  qualitative  nonlinearity  of  yAH)  is  robust  to  the 
assumptions  used  to  describe  the  total  specific  heat,  and  is 
well  described  by  yAH)  -  To  check  the  assump¬ 

tions  of  the  global  fit  and  the  interdependence  of  the  oCT^ 
and  Ay/HT  terms,  each  data  set  of  sample  Tl  is  fit  in¬ 
dependently  to  eqn  (  2).  There  are  thus  three  parameters 
each  for  five  data  sets  {H  =  0. 5-8  T)  and  two  parameters 
for  the  zero-field  data  set  (note  that  cschottky(7, 0)  =  0),  to¬ 
taling  seventeen  parameters  for  six  data  sets.  No  zero-field 
quadratic  term  was  allowed  in  this  fit.  A  small  quadratic 
term,  if  present,  could  easily  be  absorbed  into  a  slightly 
larger  cubic  term,  and  this  fit  results  in  a  ==  0)  which  is 
~  5%  higher  than  P{H  The  coefficients  of  the  linear 
term  are  shown  in  Fig.  4a  with  error  bars  at  the  statistical 
90%  confidence  level.  Fitting  the  coefficients  of  the  linear 
term  to  yAH)  -  AAHT  gives  A  =  0.89  mJ/mol  K^T^/^ 

In  another  check  which  avoids  the  zero-field  data  entirely, 
the  five  data  sets  with  >  0.5  T  are  globally  fit  to  eqn  (2), 
again  keeping  p  and  n  independent  of  field.  There  are  thus 
two  global  parameters,  plus  values  of  (y(0)  +  y±(H))  in 
five  fields  (Fig.  4b).  The  resulting  linear-T  term  is  better 
described  by  a  y/H  dependence  than  by  an  H  dependence, 
and  from  the  fit  shown  in  Fig.  4b,  A  =0.87  mJ/mol 
This  fit  also  returns  an  extrapolated  value  of  y(0)  =  3.1 
mJ/mol  K^,  which  is  in  agreement  with  the  value  determined 
by  independently  fitting  just  the  zero-field  data. 
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Table  2.  Zero-field  linear  term,  y(0)  (mJ/mol  K-). 


Sample 

1-6 

Untwinned 

y(0) 

N{Ef)IK 

T1 

6.95 

no 

3.1 

^  15% 

U1 

6.95 

yes 

2.1 

~  10% 

U1 

6.97 

yes 

1.9 

--  10% 

T2 

6.95 

no 

2.8 

--  15% 

U2 

6.95 

yes 

2 

~  10% 

4.3.  Parallel  field 

The  data  on  sample  T1  in  an  8  Tesla  parallel  field  show 
a  linear-T  term,  y\\{H)T,  which  is  increased  by  about  0.5 
mJ/mol  from  y(0),  as  determined  by  fitting  the  data  in 
Fig.  1  to  eqn  (2).  Because  of  uncertainties  in  the  Schottky 
anomaly  and  the  sample  alignment,  the  results  are  also 
consistent  with  no  increase  in  the  parallel-field  linear  term, 
y\mT, 

4.4.  Zero-field  linear  term 

The  coefficient  of  the  zero-field  linear  term,  y{0)r,  in 
the  specific  heat  of  each  of  the  four  samples  is  shown  in 
Table  2.  The  zero-field  linear  term  for  the  two  twinned 
samples,  samples  T1  and  T2,  is  y(0)  =  3  mJ/mol  K^,  while 
in  both  un twinned  samples,  U1  and  U2,  the  linear  term  is 
reduced  to  y(0)  =  2  mJ/mol  K^.  In  contrast,  most  YBCO 
samples  have  y(0)  >  4  mJ/mol  [13].  The  coefficient  of  the 
linear  term  in  the  normal  state  of  optimally-doped  YBCO, 
Yny  has  been  shown  by  other  measurements  to  be  about  20 
mJ/mol  [13,14].  The  residual  density  of  states  N{Ef) 
in  the  superconducting  state  is  therefore  about  15%  of  the 
normal-state  density  of  states  for  the  twinned  samples  and 
about  10%  for  the  un  twinned  samples. 


5.  DISCUSSION 

5.1.  Comparison  with  lines  of  nodes 

The  quadratic  term  is  predicted  to  disappear  in  a  mag¬ 
netic  field,  where  the  energy  dependence  of  the  density  of 
states  close  to  the  nodes,  N{E,  H  =  0)  cc  \E  -  Ef\,  is  re¬ 
placed  by  a  finite  N(Ef,  H).  The  ocT^  term  is  comparable 
in  magnitude  to  the  systematic  uncertainty  in  the  addenda 
phonon  specific  heat,  but  is  several  times  larger  than  the 
relatively  small  systematic  uncertainty  of  the  field  depen¬ 
dence,  <  1%.  The  global  fit  is  thus  the  only  possible  way 
to  identify  the  quadratic  term  in  these  data  sets.  The  slight 
positive  slope  of  the  zero-field  data  set  in  Fig.  2  can  be  de¬ 
scribed  either  as  a  phonon  term  which  is  about  5%  larger  in 
zero  field,  which  is  difficult  to  explain,  or  as  an  aT^  term. 

From  the  slope  of  the  density  of  states  in  a  superconduc¬ 
tor  with  lines  of  nodes  it  is  possible  to  predict  a  ^  yn  I  Tc^ 
0.2mJ/molK^  for  YBCO  within  factors  of  order  unity  [8], 
in  good  agreement  with  the  value  a  =  0.  ImJ/molK^  ob¬ 
tained  from  the  global  fits  (Table  1)  on  samples  U1  and  T1 . 


For  the  field  dependence  of  the  density  of  states,  Volovik 
predicts  N(Ef,H)  =  KNnfH  I  Ha  [6],  where  k  is  of  or¬ 
der  1  and  is  defined  by  the  vortex  lattice  structure,  by 
the  slope  of  the  gap  near  the  gap  node,  and  by  possi¬ 
ble  structure  in  Taking  y„  =  20mJ/molK^  [13,14]  and 
Hczi  =  150T  gives  the  prediction  yj^(H)  =  AflT  with  A  = 
K  *  1.6mJ/molK^T^^^,  in  good  agreement  with  the  value 
A  =  0.9mJ/molK^T^^^  found  for  both  samples  U1  andTl. 

Both  of  the  above  comparisons  used  the  measured  value 
of  yn,  the  angular  averaged  normal  state  density  of  states. 
Because  both  the  aT^  and  AfUT  terms  are  a  consequence 
of  the  nodes,  these  terms  should  be  sensitive  to  the  normal- 
state  density  of  states  close  to  the  nodes.  The  above  com¬ 
parisons  may  indicate  that  the  density  of  states  close  to  the 
nodes  is  smaller  than  the  angular  average  of  the  density 
of  states,  as  indicated  by  photoemission  measurements  on 
BSCCO  [15]. 

These  predictions  do  not  distinguish  between  different 
types  of  lines  of  nodes,  such  as  t/-wave  or  extended  .y-wave 

[16] .  In  principle,  this  interpretation  could  also  apply  to  a 
gap  function  with  no  nodes,  but  with  a  very  small  minimum 
gap,  A  <sc  ArfiT  ^  0. 5  meV.  In  order  to  produce  these  results, 
such  a  gap  function  would  need  to  have  an  unusual  energy 
dependence  of  the  density  of  states  similar  to  that  associated 
with  lines  of  nodes,  N{E,  i/  -  0)  oc  [jE*  -  Ef\^ 

A  quadratic  term  has  been  known  for  some  time  in 
the  specific  heat  of  heavy-fermion  superconductors,  and  has 
recently  been  reported  in  the  specific  heat  of  La2_xSr;cCu04 

[17] .  Two  other  recent  works  support  the  existence  of  a  fH 
term  in  superconductors  with  lines  of  nodes:  a  reanalysis 
of  existing  data  on  polycrystalline  YBCO  samples  shows  a 
nonlinear  y(^r)T  term  which  appears  consistent  with  yfH 

[18] ,  with  similar  but  less  dramatic  curvature  on  Ca-  and 
Sr-doped  La2Cu04  samples,  and  a  term  has  also  been 
recently  reported  in  the  low-temperature  specific  heat  of 
UPt3  [19]. 

5.2.  Residual  density  of  states 

The  total  residual  density  of  states  N(Ef)  in  the  super¬ 
conducting  state,  as  determined  from  the  y(0)r  term  in  the 
specific  heat,  is  about  15%  of  the  normal-state  density  of 
states  for  the  twinned  samples  and  about  10%  for  the  un¬ 
twinned  samples  (Table  2).  The  residual  density  of  states 
can  also  be  extracted  from  fitting  the  temperature  depen¬ 
dence  of  the  penetration  depth  [2]  to  the  d-wave  model  with 
scattering  of  Hirschfeld  et  al  [5].  In  samples  similar  to  the 
samples  measured  here,  these  fits  are  inconsistent  with  a 
density  of  states  which  is  greater  than  1%  of  Nn  [5].  It  ap¬ 
pears  difficult  to  reconcile  the  zero-field  linear  term  y(0)r 
with  the  aT'^  diVid  A  fHT  terms,  and  with  the  interpretation 
of  the  temperature  dependence  of  the  penetration  depth. 
It  is  possible  that  the  zero-field  linear  term  has  a  separate 
origin  from  the  excitations  which  give  rise  to  the  quadratic 
term  and  the  field  dependence  of  the  specific  heat.  This  as¬ 
sumption  leads  to  a  self-consistent  analysis  of  the  specific 
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heat,  and  is  given  additional  support  by  the  measurements 
on  the  un twinned  crystal  Ul,  in  which  y(0)  is  decreased 
substantially  but  the  and  terms  are  unchanged 

within  statistical  error  bars. 


5.3.  Interpretation  of  the  AfHT  term 

Conventional  high-K  superconductors  are  expected  to 
have  a  linear-T  term  in  the  specific  heat  which  is  propor¬ 
tional  to  the  volume  of  normal  material  in  the  cores,  c  ^ 
YnTH I Hc2  [7,20],  and  such  an  HT  term  has  been  observed 
in  A15  superconductors  [21].  The  analysis  which  predicts 
this  HT  term  does  not  apply  to  cuprate  superconductors 
for  two  reasons.  First,  the  small  coherence  length  of  the 
cuprates  may  result  in  a  large  excitation  gap  for  quasiparti¬ 
cles  which  are  confined  to  the  vortex  cores  [7,22].  Secondly, 
Caroli,  deGennes,  and  Matricon  [7]  assumed  a  fully  gapped 
superconductor  in  showing  that  the  quasiparticle  excitations 
are  confined  to  the  vortex  core. 

Some  form  of  a  linear-//  term  might  be  expected  in  the 
specific  heat  for  any  excitations  which  are  confined  to  the 
vortex  cores.  Although  there  may  in  principle  be  some  de¬ 
pendence  of  the  core  excitations  on  magnetic  field,  it  is  likely 
that  for  H  «:  Ha  the  core  excitations  would  be  roughly 
independent  of  field.  Thus,  any  signal  resulting  from  these 
excitations  would  simply  be  proportional  to  the  number  of 
cores,  or  linear  in  H.  The  nonlinear  field  dependence  of  the 
observed  N{Ef,H)  suggests  excitations  outside  the  vortex 
core. 

The  physical  origin  of  the  density  of  states  predicted  by 
Volovik  [6]  is  the  same  as  the  physical  origin  of  the  depairing 
current  in  a  conventional  superconductor.  In  the  presence  of 
a  supercurrent  with  velocity  Vy,  the  quasiparticle  excitation 
spectrum  '%{k)  is  shifted  by  an  amount  ^  •  Vy.  Far  from  the 
vortex  core  in  a  fully  gapped  superconductor,  this  shift  is 
not  large  enough  to  change  the  density  of  states  at  the  Fermi 
level,  which  is  given  by 

j^p'r5(§(ir)-fc-v;).  (4) 

For  a  superconductor  with  lines  of  nodes,  the  shift  is  sig¬ 
nificant  everywhere  that  the  superfluid  velocity  is  not  zero. 
Assuming  a  vortex  superfluid  flow  Vy  oc  1  /  r,  the  local  den¬ 
sity  of  states  at  the  Fermi  level  also  falls  otf  as  1/r  (Fig.  5). 
Integrating  over  an  entire  vortex,  with  the  intervortex  spac¬ 
ing  R(H)  as  the  upper  cutoff  in  the  integral,  gives  a  density 
of  states  per  vortex  N{Ef,H)  oc  R(H)  oc  XjfH,  Multiply¬ 
ing  by  the  number  of  vortices,  which  is  proportional  to  H, 
then  gives  the  total  density  of  states  N(Ef,H)  oc  fTl. 

The  shift  in  the  excitation  spectrum  depends  on  the  angle 
between  the  local  superfluid  velocity  and  the  nodes,  giving 
the  vortex  the  same  symmetry  as  the  gap  (Fig.  5).  Because 
the  nodes  are  90®  apart,  the  superfluid  velocity  can  never  be 
perpendicular  to  all  nodes,  and  there  are  no  places  where 
N(Ef)  becomes  zero.  Both  the  density  of  states,  and  in  a 


Fig.  5.  Schematic  of  the  local  density  of  states  N{EF)lNn  through¬ 
out  a  £/-wave  vortex. 


Fig.  6.  The  azimuthal  field  angle  qp  relative  to  a  tetragonal  ^/-wave 
order  parameter,  and  sketch  of  the  current  flows  associated  with 
an  in-plane  vortex  for  q?  =  0  and  g?  =  7r/4. 


clean  system  the  anisotropy  in  the  density  of  states,  extend 
throughout  the  entire  vortex. 

Parks  et  al  [23]  have  pointed  out  that  their  measurements 
of  vortex  dynamics  in  YBCO  thin  films  are  best  explained 
by  the  presence  of  the  extra  quasiparticles  expected  for  a 
vortex  with  an  anisotropic  gap.  Recent  theoretical  work  sug¬ 
gests  that  the  structure  of  the  vortex  core  in  a  ^/-wave  super¬ 
conductor  is  both  interesting  and  complicated  [6,24,25].  We 
have  deliberately  omitted  the  core  region  from  Fig.  5,  since 
we  are  not  aware  of  any  model  for  the  core  which  suggests 
that  our  measurements  are  probing  the  core  states. 

5.4.  Predicted  parallel  field  dependence 

Because  N(Ef»  H)  depends  on  the  orientation  of  the  cur¬ 
rent  with  respect  to  the  nodes,  improved  measurements  of 
the  full  angular  dependence  ye.q>{H)T  should  be  sensitive 
to  the  positions  of  the  nodes.  Define  the  orientation  of  the 
applied  field  JT  as  (0,  (p),  where  0  is  the  polar  angle  mea¬ 
sured  with  respect  to  the  c-axis  and  cp  is  the  azimuthal  an¬ 
gle  measured  with  respect  to  the  (110)  crystalline  axes.  For 
tetragonal  dx2-^  symmetry  with  antinodes  along  the  Cu- 
O  bonds,  q)  =  0  corresponds  to  a  field  parallel  to  a  node 
(Fig.  6).  In  this  orientation,  {9  =  Tr/2,(p  =  0),  the  cur¬ 
rents  in  the  a6-plane  are  flowing  parallel  to  a  single  node. 
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The  density  of  states  at  the  Fermi  level  is  -Jl  larger  at 
(0  =  nil,  qp  =  n  14),  where  the  currents  flow  parallel  to  the 
antinodes  (Fig.  6):  in  this  orientation,  the  density  of  states 
picks  up  contributions  from  all  of  the  nodes.  The  complete 
in-plane  angular  magnetic  field  dependence  of  the  density 
of  states  is  given  by 

N{0,H,e==  nil,  (p)  - 

y  (|sinq?|  +  IcoscpI)  (5) 

as  shown  by  Volovik  [26].  Using  =  20mJ/molK^  and 
taking  HfHc2\\  =  0.005  as  an  experimentally  accessible  field, 
the  field-dependent  linear  term  y\\(H)  will  vary  from  0.7 
to  1,0  mJ/mol  as  a  function  of  the  azimuthal  angle 
qp.  This  predicted  angular  dependence  of  the  linear  term 
in  the  specific  heat  may  be  within  achievable  experimental 
resolution,  although  preliminary  measurements  at  8  Tesla 
on  a  heavily  twinned  sample  with  the  field  parallel  to  the 
twins  and  at  a  45  deg  angle  to  the  twins  did  not  detect  any 
angular  variation  in  y\\  (H). 

6.  SUMMARY 

The  residual  density  of  states  at  the  Fermi  level  in 
the  superconducting  state  of  single-crystal  YBa2Cu307-5, 
N{Ef,H  =  0)1  Nn,  is  determined  by  the  zero-field  linear 
term  yiH  =  0)7  in  the  specific  heat.  N{Ef,H  -  0)/V„ 
is  qualitatively  larger  than  would  be  expected  from  fitting 
the  temperature  dependence  of  the  penetration  depth  [2] 
to  expressions  for  lines  of  nodes  with  scattering  [5].  In  two 
twinned  single  crystals,  y{H  =  0)/y„  «  0.15,  while  in  two 
untwinned  single  crystals,  yiH  =  0)/y„  «  0.10. 

The  specific  heat  also  includes  a  yx{H)T  term,  which 
obeys  yxiH)  «  y„^H I Hd  as  predicted  for  superconduc¬ 
tors  with  lines  of  nodes  in  the  gap  function  [6],  This  nonlin¬ 
ear  field  dependence  of  the  density  of  states  suggests  quasi¬ 
particle  excitations  outside  the  vortex  core,  and  appears  to 
be  independent  of  twinning,  unlike  the  zero-field  linear  term. 
The  in-plane  angular  magnetic  field  dependence  of  the  spe¬ 
cific  heat,  which  is  smaller  than  the  perpendicular  magnetic 
field  dependence,  is  predicted  to  be  sensitive  to  the  locations 
of  the  nodes. 

Acknowledgments —  We  thank  M.  R.  Beasley,  C.  Varma,  and  es¬ 
pecially  G.  Volovik  for  many  useful  discussions,  and  R.  A.  Fisher, 
N.  E.  Phillips  and  J.  Gordon  for  sharing  their  analysis  prior  to 
publication. 


4.  Prohammer  M.  et  ai,  Phys.  Rev,  B  41,  15152  (1993). 

5.  Hirschfeld  P.  J.  et  ai,  Pfiys.  Rev.  B  50,  10250  (1994). 

6.  Volovik  G.  E.  JETP  Lett.  58,  469  (1993). 

7.  Caroli,  deGennes  and  Matricon,  Phys.  Lett.  9,  307  (1964). 

8.  Moler  K.  A.  et  ai,  Phys.  Rev.  Lett.  73,  2744  (1994). 

9.  Moler  K.  A.  et  ai,  Proc.  U-Miami  Workshop,  to  be  published 
in  J.  Supercond.  (1995). 

10.  Ruixing  Liang  et  ai,  Physica  C  195,  51  (1992). 

11.  Urbach  J.  S.  et  ai,  Phys.  Rev.  B  39,  12391  (1989). 

12.  Efron  B.,  An  Introduction  to  the  Bootstrap.  Chapman  &  Hall, 
New  York  (1993). 

13.  see  e.g.  Phillips  N.  E.  et  ai.  Prog,  in  Low  Temp.  Phys.  XIII 
(Edited  by  D.  F.  Brewer).  Elsevier  Science  Publishers  B.  V., 
Amsterdam  (1992);  Junod  A.,  Physical  Properties  of  HTSC II 
(Edited  by  D.  Ginsberg).  World  Scientific,  Singapore  (1990). 

14.  Loram  J.  W.  et  ai,  Phys.  Rev.  Lett.  71,  1740  (1993). 

15.  Dessau  D.  S.  et  ai,  Phys.  Rev.  Lett.  71,  2781  (1993). 

16.  Varma  C.  M.,  private  communication;  Littlewood  P.  B.  et  ai, 
Phys.  Rev.  Lett.  63,  26002  (1989). 

17.  Momono  N.  et  ai,  Physica  C  233,  395  (1994). 

18.  Fisher  R.  A,  et  ai,  unpublished. 

19.  Ramirez  A.  et  ai,  Phys.  Rev.  Lett.  74,  1218  (1995). 

20.  Fetter  A.  L.  and  Hohenberg  R,  in  Superconductivity,  Vol.  II 
(Edited  by  Parks).  (1969). 

21.  Stewart  G.  R.  and  Brandt  B.  L.,  Phys.  Rev.  B  29,  3908  (1984). 

22.  Karrai  K.  et  ai,  Phys.  Rev.  Lett.  69,  152  (1992). 

23.  Parks  B.  et  ai,  Phys.  Rev.  Lett.,  to  be  published. 

24.  Soininen  P.  I.  et  ai,  Phys.  Rev.  B  50,  13883  (1994). 

25.  Berlinsky  A.  J.  et  ai,  preprint. 

26.  Volovik  G.  E.,  unpublished. 


REFERENCES 

1.  see  e.g.  Scalapino  D.,  Physics  Reports  250,  329  (1995);  Pines 
D.  and  Monthoux  P.,  J.  Phys.  Chem.  Solids,  to  be  published, 
1995. 

2.  Hardy  W.  N.  et  ai,  Phys.  Rev.  Lett  70,  3999  (1993). 

3.  Annett  J.  et  ai,  Phys.  Rev.  B  43,  2778  (1991). 


Pergamon 


J.  Phys.  Chem.  Solids  Vol.  56,  No.  12,  pp.  1905-1906,  1995 
Copyright  ©  1995  Elsevier  Science  Ltd 
Printed  in  Great  Britain.  All  rights  reserved 
0022-3697/95  $9.50  +  0.00 


0022-36Sr7{95)00092-5 

ANOMALIES  IN  VORTEX  STATES  OF  CUPRATE  SUPERCONDUCTORS 

C.  BOEKEMA,  L  M.  SUAREZ-BARNES  and  V.  A.  GUBANOV 
Physics  Department,  San  Jose  State  University,  San  Jose,  U.S.A. 

D.  W.  COOKE  and  M.  LEON 
Los  Alamos  National  Laboratory,  Los  Alamos,  NM  87545,  U.SA. 


Abstract— A  maximum-entropy  (ME)  technique  has  been  applied  to  transverse-field  (TF)  muon-spin  relax¬ 
ation  (uSR)  data  of  several  cuprate  superconductors  [1,  2].  For  the  RBa2Cu307  (R1237)  vortex  states,  we 
have  seen  low-field  tails  and  cliffs  in  the  ME  field  distribution  estimates  for  TFpSR  data  recorded  near  5 
K  at  1  kOe.  The  sharp  fall-off  is  only  present  when  R  is  a  magnetic  ion  (like  Er  or  Gd),  or  occurs  for 
Pr-doping  in  Y1237.  The  ME  vortex  field  distributions  of  Bi2Sr2CaCu20;c  (Bi2212)  and  Tl2Ba2Ca2Cu30x 
(T12223)  show  no  low  field  tails  well  below  Tc  ,  which  is  consistent  with  vortex  pancake  formation.  ME 
transforms  for  Pboglno.i  (a  typical  type-II  superconductor)  show  the  expected  vortex  field  distnbutions.  All 
the  (magnetic)  non-BCS  like  anomalies  seen  for  the  cuprate  vortex  states  suggest  that  perhaps  the  cuprate 
superconductors  are  not  (typical)  type-II  superconductors  [Alves  S.  et  al,  Phys.  Rev.  B  49  12396  (1994)]. 

Keywords:  A.  ceramics,  A.  superconductors,  D.  magnetic  structure,  D.  muon-spin  resonance,  D, 
superconductivity. 


1.  INTRODUCTION 

For  CuO-based  superconductors,  the  question  whether  the 
vortex  field  distribution  is  best  described  by  a  vortex  lat¬ 
tice,  a  vortex  glass  or  vortex  pancakes  is  crucial.  TF^SR,  a 
microscopic  magnetic  probe  technique,  may  provide  direct 
answers.  In  our  earlier  communications  [1],  we  have  shown 
that  the  ME  method  to  analyze  TF^SR  data  is  superior  at 
identifying  fine  features  in  magnetic  field  distributions,  such 
as  potential  van  Hove  singularities.  Analysis  by  means  of 
Fourier  methods  and  Gaussian  curve  fitting  of  TF/^SR  data 
has  been  succesful  at  a  macroscopic  scale,  i.e.  determination 
of  penetration  depths  and  flux-pinning  strengths. 


2.  MEmSR  for  R1237,  Bi2212,  T12223 

Below,  we  highlight  the  results  of  the  ME-Burg  applica¬ 
tion  [2]  to  TF/iSR  data  recorded  for  R1237  [R  =  (Pr,Y),  Er, 
Gd,  Eu],  Bi2212  and  T12223.  The  polycrystalline  cuprate 
samples  are  high  quality  single  phase  ceramics;  the  samples 
were  field-cooled  in  a  1  or  5  kOe  transverse  field.  The  Er  and 
Gd  ions,  and  the  Pr  ions  doped  in  Y1237,  carry  magnetic 
moments,  while  Eu  and  Y  do  not.  Three  now -Abrikosov  fea¬ 
tures  are  seen  for  R1237  vortex  field  distributions!  a  sharp 
fall-off  for  magnetic  R  ions,  a  low-field  tail  (which  appears 
to  be  enhanced  by  the  R  magnetism)  and  a  small  contri¬ 
bution  from  non-superconducting  grain  boundaries  [1].  For 
(Pr^Yi_x)237,  we  have  observed  a  fall-off  for  x  =  0.2  and 
0.4  at  about  50  Oe  below  the  applied  field  (see  Fig.  1).  The 
(sharp)  fall-offs  may  be  signatures  of  van  Hove  singularities; 


Fig.  1.  ME  transforms  for  (PrxYi-x)1237  (x-0.2  (o)  and  0.4  (<>) 

;  5  K  and  1  kOe) 

normally,  these  are  expected  only  for  single  crystal  type-II 
vortex  states.  These  anomalies  occur  only  when  magnetic 
ions  are  present  in  our  polycrystalline  samples.  These  “mag¬ 
netic”  van  Hove  singularities,  if  confirmed,  may  be  essential 
ingredients  in  any  cuprate  vortex  model  description.  Fur¬ 
ther  analysis  for  all  x,  especially  around  0.5,  is  in  progress. 

In  an  indirect  way,  the  low-field  tail  in  the  vortex  field 
distribution  has  also  been  shown  to  exist:  Gaussian  curve 
fitting  was  used  to  analyze  Triumf  TFj/SR  data  [3]  recorded 
for  a  single  crystal  Y1237  at  5  and  15  kOe.  Below  about 
30  K  the  Gaussian  ^-spin  relaxation  rate  (a)  does  depend 
on  the  applied  field.  For  type-II  vortex  states,  a  should  not 
depend  on  the  transverse  field  magnitude.  Gaussian  curve 
fitting  of  simulated  TF^SR  data  with  a  field  distribution 
including  a  300  Oe  long  low-field  tail  for  applied  fields  of  5 
and  15  kOe  reproduces  their  artificial  fit  results  [3].  Thus, 
Gaussian  curve  fitting,  which  uses  only  one  average  ii-spm 
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precession  frequency  is  not  adequate  to  describe  completely 
the  unusual  field  distribution.  The  low  field  tail  does  not 
show  up  in  the  vortex  field  distributions  of  Bi2212  and 
T12223  below  7L  [1].  This  remarkable  difference  is  probably 
caused  by  pseudo  two-dimensional  vortex  pancake  forma¬ 
tion  in  Bi2212  and  T12223,  and  not  in  R1237,  where  the 
vortex  structure  is  still  three-dimensional. 


3.  MAGNETIC  FRUSTRATION 

The  existence  of  the  low-field  tail  for  all  R1237  vortex 
field  distributions  reveals  that,  in  the  mixed  state,  atomic  re¬ 
gions  exist  for  which  the  magnetic  field  is  significantly  lower 
than  predicted  by  Abrikosov  theory.  The  electrons  in  the 
superconducting  layers  have  managed  to  screen  the  applied 
field  for  these  “low-field  tail”  muons,  probing  competing, 
perhaps  random,  magnetic  fields.  The  presence  of  magnetic 
ions  appears  to  influence  this  magnetic  frustration.  For  the 
largest  magnetic  moment  (R=Er),  the  low-field  tail  at  4.5 


K  stretches  even  out  to  near  zero  field  [1].  Field-induced 
magnetic  frustration  in  the  vortex  glass  state  may  be  a  pos¬ 
sible  explanation  for  the  vortex  tails  in  R1237.  We  have  be¬ 
gun  modeling  frustration  in  vortex  systems,  similar  to  one 
used  for  spin-glass  freezing  [4],  and  we  explore  its  connec¬ 
tions  to  the  two-dimensional  Coulombic  gas,  which  serves 
as  a  model  for  vortex  behavior  in  pseudo  two-dimensional 
superconductors. 
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Abstract — Measurements  of  the  thermopower  and  resistivity  of  Tl2Ba2CaCu208+,5  in  the  vortex  state  indicate 
a  significant  contribution  to  the  thermopower  from  normal  quasiparticles  below  Tc  . 


The  significance  of  normal-quasiparticle  currents  in  mixed- 
state  transport  phenomena  in  cuprate  superconductors  has 
been  underscored  by  recent  measurements  [1]  and  analyses 

[2]  of  the  Hall  effect  below  Tc  .  The  Hall  conductivity  is 
comprised  of  two  additive  components,  from  vortices  and 
quasiparticles  respectively,  which  are  distinguishable  by  their 
different  dependences  on  the  applied  magnetic  field.  We  pro¬ 
vide  evidence  here  that  the  same  two  sources,  vortices  and 
quasiparticles,  can  also  be  distinguished  by  their  seperate 
contributions  to  the  mixed-state  thermoelectric  power. 

The  vortex  thermopower  has  a  particularly  simple  form, 
sharing  the  same  magnetic-field  dependence  as  the  mixed- 
state  electrical  resistivity.  Using  a  simple  kinetic  equation 
for  the  total  current,  y,  (which  is  zero  in  the  experimental 
measurement): 

J  =  0-=(tE-FVT  (1) 

where  E  is  the  electric  field,  T  is  the  temperature,  cr  is  the 
conductivity  and  P  is  the  kinetic  coefficent  commonly  called 
Li2.  We  follow  the  notation  of  Caroli  and  Maki  [3].  The 
thermopower  S  is  the  ratio  of  P  to  cr: 

F  P 

S^^  =  -=Pp  (2) 

VT  a  ^  ^ 

where  p  is  the  resistivity.  As  suggested  by  Caroli  and  Maki 

[3]  and  verified  experimentally  by  Fiory  and  Serin  [4],  the 
quantity  P  is  an  intrinsic  property  of  the  normal-core  elec¬ 
trons  and  is  therefore  independent  of  the  magnetic  field. 

For  quasiparticles,  the  coefficient  P  is  of  a  different  form, 
varying  inversely  with  magnetic-field  strength  at  high-field. 
P  is  given  by  a  Boltzmann  integral  over  occupied  states,  as 
in  standard  textbooks 


f  iL  I 

r  d/N 

J  4tt3  ' 

da) 

where  e  is  the  energy,  p  is  the  chemical  potential,  and  v  is 
the  velocity.  The  magnetic-field  dependence  enters  through 
the  relaxation  time,  t.  Recent  measurements  [5]  have  shown 
that  vortices  are  the  dominant  scatterers  of  quasiparticles 
below  Tc  in  magnetic  fields  greater  than  a  few  Tesla.  It 
follows  that  both  t  and  Pqp  vary  inversely  with  the  magnetic 
field  strength:  Pqp  oc  \/H. 


When  both  vortices  and  quasiparticles  are  present,  then 
the  total  conductivity  is  the  sum  of  the  conductivities  of 
each  species.  Similarly  the  coefficients,  Pgp  and  Py  are  addi¬ 
tive.  The  ratio  of  the  measured  thermoelectric  power  to  the 
measured  resistivity  is  given  by 

^=P<!P+P^=-^+P.  (4) 

p  n 

where  a  and  p  are  constants,  independent  of  the  magnetic 
field. 

We  measured  the  thermoelectric  power  and  resistivity  as 
a  function  of  magnetic  field  at  several  temperatures  in  an 
epitaxial  film  [6]  of  Tl2Ba2CaCu208+^  with  Tc=  105  K.  The 
curves  were  non-hysteretic  and  linear  in  current  and  applied 
thermal  gradient  respectively.  The  magneto  thermopower  of 
the  Au  contact  wires  causes  a  small  systematic  underesti¬ 
mate,  no  more  than  5  %,  of  the  thermopower  signal,  at  our 
lowest  temperature.  At  the  highest  temperature,  the  error  is 
less  than  0.2  %.  The  ratio  of  the  thermopower  to  the  resis¬ 
tivity,  S/p,  is  shown  in  Fig.  1(a). 

At  high  field,  the  values  of  S/p  approach  constant,  field- 
independent  values,  as  was  seen  for  the  vortex  thermopower 
in  conventional  superconductors  [4].  At  low  field,  the  curves 
diverge,  possibly  indicating  the  presence  of  the  a/H  term 
from  normal  quasiparticles.  Figure  1(b)  shows  the  same 
data  multiplied  by  the  magnetic  field  strength  to  remove 
the  divergence  at  //  =  0.  According  to  eqn  (4),  the  data 
for  HS/p  should  fall  on  straight  lines,  with  the  intercepts 
representing  the  quasiparticle  currents. 

The  solid  lines  in  Fig.  1(b)  are  linear  least-squares  fits  to 
the  data  above  H  =  4  T.  The  temperature-dependences  of 
the  coefficients.  Of  and  P,  are  shown  in  Fig.  2.  The  coefficient 
P,  representing  the  vortex  contribution,  increases  slowly  by 
a  factor  of  2  as  the  temperature  decreases  to  65  K,  but  the 
extrapolated  normal-state  resistivity  would  decrease  by  the 
same  factor,  indicating  that  nothing  special  is  happening  to 
the  vortex  thermopower  as  a  function  of  temperature.  In 
contrast,  the  quasiparticle  term,  a,  increases  sharply  with 
decreasing  temperature,  possibly  reflecting  the  diverging  re¬ 
laxation  time  below  Tc  [5]. 
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Fig.  1.  (a)  Ratio  of  the  measured  thermoelectric  power  to  the 
measured  resistivity,  showing  the  magnetic  field  dependence  of  the 
coefficient,  P.  (b)  The  same  data  multiplied  by  the  magnetic  field 
strength,  H,  illustrating  the  agreement  of  the  data  with  eqn  (4). 
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Fig.  2.  T-dependence  of  fit  parameters  a  and  p. 
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Abstract — The  crossing  of  the  magnetization  M  of  cuprates  in  different  fields  at  has  been 

widely  interpreted  as  a  result  of  2D  vortex -fluctuations.  Therefore,  it  is  expected  that  the  M*/r*  of 
HgBa2CamCuw4-lO;;  will  be  proportional  to  the  2D  sheet-density  Ijs,  where  s  is  the  size  of  the  unit  cell. 
However,  our  data  show  that  the  M*/r*  is  independent  of  both  m  and  s  in  the  Hg-based  cuprates  with 
1  <  m  <  3.  A  survey  further  suggests  that  the  value  of  M*  is  a  universal  constant  for  all  studied  Bi-, 
Tl-  and  Hg-based  cuprates.  This  observation  suggests  that  the  coupling  between  neighboring  Cu02 -blocks 
may  have  non-negligible  effects  on  the  magnetization. 


It  has  been  observed  in  nearly  all  high  temperature  su¬ 
perconductors  that  the  reversible  magnetization  M(H)  at 
different  H  »  Bcr  crosses  at  with  T*  <  7^,  where 

Bcr  is  a  threshold  field  [1-3].  -M  decreases  with  H  below 
r*  as  predicted  by  the  London  model.  However,  -Af  in¬ 
creases  with  H  above  T*  similar  to  that  in  the  fluctuation 
region  above  Tc.  This  field-independent  magnetization  was 
commonly  interpreted  in  terms  of  2D  fluctuations  of  either 
the  vortex-pancake  position  [2]  or  the  overall  amplitude 
of  the  order  parameter  [3].  Fluctuations,  therefore  -Af*, 
should  be  enhanced  with  the  increase  of  the  sheet-density 
in  any  purely  2D  models.  A  theoretical  expression  of 
-Af*  =  kBT*l(cf)os)  was  deduced  [2,3]  with  4>o  and  s  be¬ 
ing  the  flux-quantum  and  the  size  of  the  effective  unit-cell 
along  the  c  direction,  respectively.  These  2D  models  were 
widely  used  in  analyzing  magnetization  data  [4].  However, 
the  measured  -Af*  was  always  smaller  than  the  predicted 
ksT"^ l(4>os),  and  the  ratio  M^cj^osliksT"^)  was  taken  as 
the  superconducting  volume  fraction  /  in  some  works  to 
accommodate  the  discrepancy. 

To  study  the  proposed  Af*  -  5-  correlation,  we  mea¬ 
sured  Af*  of  well-characterized  and  optimally-doped 
HgBa2CamCum+iO^  with  1  <  w  <  3.  To  estimate  the  change 
of  /  between  the  samples  with  different  m  experimentally, 
the  normal-state  carrier  concentration  n  (deduced  from  the 
thermopower  at  290  K)  and  the  slope  dMIdlnH  oc 
were  measured  for  the  samples  with  different  m.  The  ra¬ 
tio  nlldM/dlnH]  was  used  to  estimate  the  change  of  /, 
assuming  that  nAh,  is  the  same  for  all  optimally-doped  sam¬ 
ples  in  the  Hg-family  at  the  same  reduced  temperature.  A 
variation  of  /  at  20%  level  is  experimentally  detectable  . 
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Fig.  1.  Af  vs  T  at  different  H  (0.5,  1,  1.5,  2,  3,  4  and  5  T  from 
top  to  bottom  below  130  K)  for  a  Hg-1223  sample,  the  lines  are 
a  guide  to  the  eye.  Inset:  -Af*  at  various  doping  levels  for  ■ 
Hg-1201,  ♦  Hg-1223. 

Hg-1201  was  synthesized  at  ambient  pressure  in  a  sealed 
quartz  tube,  Hg-1212  and  Hg-1223  were  synthesized  un¬ 
der  3  GPa  pressure  [5].  Various  annealing  procedures  were 
used  to  change  the  doping  level  of  the  samples  [5].  X- 
ray/neutron  diffraction  data  demonstrated  that  the  possible 
impurity  phases  are  at  a  few  percent  level  for  all  used  sam¬ 
ples.  The  measured  «/(9M/91nff)  are  independent  of  m 
within  20%  for  the  optimally-doped  HgBa2Ca;„Cu^+iO^  at 
the  same  reduced  temperatures.  All  these  demonstrate  that 
the  change  of  /  is  not  a  significant  factor  here.  The  super¬ 
conducting  transition  width  of  the  samples  is  1-2  K  mea¬ 
sured  by  the  field-cooled  magnetization  at  5  G.  The  para¬ 
magnetic  background  was  estimated  from  the  Curie-Weiss 
fit  above  Tc  and  subtracted  from  the  raw  data.  2D  critical- 
scaling  fits  [3]  above  ffc2/3  were  made  to  crosscheck  the 
background-subtraction  procedure.  The  measured  Af  of  our 
ceramic  samples  was  converted  into  the  magnetization  of  a 
corresponding  single  crystalline  with  H  \\  c  following  the 
procedure  suggested  in  Ref  [6].  The  crossing  of  M  is  clearly 
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observed  in  all  samples  above  ~  1  Tesla  (Fig.  1). 

On  one  hand,  our  data  support  the  conclusion  of  Refs 
[2]  and  [3]  that  M*  is  a  fundamental  scale  in  the  fluc¬ 
tuation  region.  The  measured  M*/r*  appears  to  be  in¬ 
dependent  of  the  doping  level  (inset  of  Fig.  1),  therefore 
is  a  parameter  of  the  compound.  A  change  of  dMIdInH 
across  a  field  Bcr  was  observed  in  a  wild  temperature  range 
below  r*.  The  measured  value  of  [dM/d\nH\ff^oAT  - 
dM/d\nH\H=sT]  X  T'^KTM'^)  is  ~  1,  demonstrating  that 
the  change  A(dM/d\nH)  across  Bcr  is  scaled  with  M*  as 
suggested  in  Ref  [2].  The  dimensionless  variables  MjM*, 
(T  -  T*)l{Tc  -  r*),  and  HIHdiT)  fit  into  the  proposed 
2D-scaling  function  rather  well  above  as  observed 

early  in  Bi-2223  [3],  again  demonstrating  that  the  observed 
crossing  is  not  purely  accidental. 

On  the  other  hand,  the  measured  M*/r*  appears  to 
be  independent  of  both  m  and  Ms,  the  sheet-density  of  2D 
vortex-pancake,  which  is  in  strong  contrast  with  the  2D 
vortex-fluctuation  models  (Fig.  2).  A  survey  of  the  pub¬ 
lished  magnetization  data  on  the  Bi-,  Tl-  and  Hg-based 
cuprates  further  demonstrates  that  M*/r*  has  no  system¬ 
atic  dependence  of  m,  Ms,  or  the  charge  reservoir  (Bi202, 
TI2O2  or  HgO)  (Fig.  2).  Although  the  lower  ~ 

1  *  10”^  G/K  in  YBa2Cu303,  [8]  may  suggest  some  effects 
of  interlayer  coupling.  Since  a  purely  2D  fluctuation  should 
depend  on  the  sheet-density  regardless  detail  assumptions, 
the  observation  suggest  that  either  our  understanding  of 
the  vortex-fluctuation  or  the  interlayer  coupling  in  cuprates 
need  modifications. 

In  summary,  a  nearly  universal  -'3*10“^  G/K 

was  observed  in  HgBa2CamCuw+iO;;  with  1  <  m  <  3  which 
is  strong  contrast  with  the  existing  2D  vortex-fluctuation 
models. 
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It  has  been  recognized  that  the  magnetic  characteristics 
of  the  lamellar  cuprates  are  as  peculiar  as  their  transport 
properties.  The  talk  by  Mook  gives  an  account  of  our 
work  on  YB2CU3O7-5,  including  especially  data  on  the  “41 
meV”  peak  which  appears  to  dominate  the  magnetic  re¬ 
sponse  in  the  superconducting  phase  [1],  In  the  present 
talk,  we  describe  what  is  by  now  the  quite  complete  set 
of  neutron  scattering  data  on  the  magnetic  fluctuations  in 
La2-x(Ba,SrLCu04  from  the  insulating  antiferromagnetic 
(x  =  0)  regime  to  the  superconductor  (x  =  0.14).  Principal 
results  include: 

1.  The  complete  spin-wave  dispersion  relation  for  x  = 
0,  which  both  shows  the  validity  of  an  essentially  classical 
approach  to  the  magnetic  dynamics  of  this  s  -  \  /2  planar 
antiferromagnet  and  gives — in  the  most  direct  fashion — the 
value  for  the  underlying  nearest  neighbor  exchange  constant 
[2]. 

2.  Demonstration  that  in  the  metallic  temperature  regime 
for  a  sample  near  the  metal-insulator  boundary  (x  =  0.05), 
the  only  obvious  energy  scale  for  the  magnetic  fluctuations 
is  the  temperature  itself  [3],  in  accord  with  the  marginal 
Fermi  liquid  hypothesis. 

3.  Discovery  that  at  low  frequencies,  the  commensurate 
magnetic  fluctuations  first  broaden  and  then  separate  into 
four  remarkably  sharp  peaks  along  (0,  tt)  and  (tt,  0)  as  the 
metallic,  superconducting  regime  is  entered  from  the  insula¬ 


tor.  Indeed,  the  widths  of  these  peaks  correspond  to  several 
inter-impurity  (Sr)  spacings,  suggesting  that  the  impurities 
are  effectively  screened  at  doping  levels  which  are  also  op¬ 
timal  for  superconductivity  [4,5]. 

4.  One  of  the  most  direct  demonstrations  of  spin  pairing 
in  any  superconductor  in  the  form  of  the  suppression  of  low 
frequency  magnetic  fluctuations  below  the  superconducting 
transition  [5].  The  unrivalled  access  of  magnetic  neutron 
scattering  to  general  momentum  and  energy  transfers  has 
then  allowed  magnetic  gap  spectroscopy  to  be  performed 
with  unprecedented  detail,  showing — among  other  things — 
that  the  low  frequency  excitations  found  in  the  supercon¬ 
ducting  state  for  our  x  =  0.14  (Tc  =  35  K)  samples  are  not 
those  associated  with  a  clean  d-wave  state  [6].  We  look  for¬ 
ward  to  seeing  our  measurements  repeated  on  more  perfect 
samples. 
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Abstract — We  review  recent  studies  of  the  static  and  dynamic  magnetic  fluctuations  in  La2-xSrxCu04.  In 
La2Cu04(TN  =  325K)  the  instantaneous  two-dimensional  (2D)  spin  correlations  have  been  studied  over 
the  temperature  range  340K  <  T  <  820A^.  We  find  quantitative  agreement  for  the  correlation  length  over  the 
complete  temperature  range  with  no  adjustable  parameters  with  predictions  for  the  2D  quantum  non-linear 
sigma  model  in  the  renormalized  classical  regime.  We  have  carried  out  bulk  magnetization  measurements 
in  Lai.96Sro.o4Cu04  which  has  neither  antiferromagnetic  long  range  order  nor  superconductivity.  All  of 
the  features  that  characterize  a  canonical  spin  glass  transition  have  been  seen:  irreversibility,  remnant 
magnetization  and  scaling  behavior.  Finally,  neutron  inelastic  scattering  experiments  have  been  performed 
on  homogeneous  single  crystals  of  Lai.85Sro.i5Cu04  with  Tc=37.3K  (at  onset),  higher  than  any  previously 
studied  single  crystals.  The  temperature  dependence  of  the  low  energy  incommensurate  peak  intensity  at 
(7t(1  ±  <5),  rr)  and  (rr,  Tr(l  ±  5))  exhibits  a  pronounced  maximum  near  Tc.  In  contrast  to  the  results  reported 
on  lower  Tc  crystals,  the  intensity  for  energies  below  3.5  meV  dramatically  decreases  as  the  temperature 
decreases  below  Tc,  vanishing  into  the  background  below  -  15K.  The  behavior  is  consistent  with  predictions 
based  on  a  superconducting  order  parameter. 


1.  INTRODUCTION 

As  has  by  now  been  extensively  discussed  in  the  liter¬ 
ature,  the  lamellar  copper  oxides  exhibit  unusually  rich 
and  interesting  microscopic  magnetic  properties  [1].  Our 
own  efforts  have  concentrated  on  the  single  layer  mate¬ 
rial  La2-xSrxCu04,  which  is  arguably  the  simplest  of  the 
high  temperature  superconducting  systems.  We  have  used 
a  variety  of  techniques  to  study  these  materials  includ¬ 
ing  especially  bulk  magnetization  and  magnetic  neutron 
scattering  measurements.  This  experimental  work  has  been 
complemented  by  an  extensive  single  crystal  growth  effort 
at  each  of  Tohoku,  Yamanashi  and  MIT.  Our  neutron 
scattering  measurements  up  to  1993  have  been  discussed  in 
detail  by  Shirane  et  al  [2].  In  this  paper  we  review  some 
new  results  in  La2-xSr2Cu04  which  have  emerged  over  the 
last  two  years  [3-5]. 

We  review  new  results  in  the  three  principal  domains  of 
the  phase  diagram:  (a)  the  antiferromagnetic  region  [3], 
(b)  the  spin-glass  region  [4],  (c)  the  superconducting  region 
[5].  Full  descriptions  of  each  of  these  will  appear  separately 
elsewhere  [3-5]. 


2.  2D  ANUFERROMAGNEHC  CORRELATIONS  IN 
La2Cu04 


Perhaps  the  area  which  has  advanced  most  in  the  high-T^ 
problem  is  that  of  the  2D  S=l/2  Heisenberg  Antiferromag- 
net  [6].  A  comprehensive  theory  for  the  2D  square  lattice 
Heisenberg  antiferromagnet  has  been  given  by  Chakravarty, 
Halperin,  and  Nelson  (CHN)  [7].  The  CHN  result  for  the 
correlation  length  in  the  renormalized  classical  (Neel)  re¬ 
gion  has  been  further  refined  by  Hasenfratz  and  Nieder- 
meyer  (HN).  They  show  that  in  the  renormalized  classical 
(RC)  region  the  correlation  length  is  given  rigorously  by 


cja 
8  llTps 


exp(2„p,,r,[l4(^)  +  0(^ 


)^X1) 


where  ps  is  the  spin  stiffness,  and  c  is  the  spin  wave  velocity. 
The  relationships  between  c,  Ps  and  J  are  now  accurately 
known  for  the  S=l/2  nearest  neighbor  2D  square  lattice 
Heisenberg  antiferromagnet.  Specifically,  c=1.18  V2  J  a  and 
2  Tips  =  1.15  J.  This  then  yields 


§/a=  0.493e‘‘’^/’’[l  -0.43(^)  +  0(^9].  (2) 

J  J 


Detailed  experiments  by  Greven  and  coworkers  [7] 
in  Sr2Cu02Cl2  show  remarkably  good  agreement  with 
Eq(2).  First  generation  experiments  by  Keimer  et  al  [9]  in 
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Fig.  1.  Inverse  magnetic  correlation  length  in  La2Gu04.  The  solid 
line  is  Eq(2)  with  J  =  135  meV.  The  N6el  and  structural  transition 
temperatures  are  indicated  by  arrows. 


La2Cu04  also  show  good  agreement  with  Eq(2)  although 
there  does  appear  to  be  some  systematic  discrepancies  at 
the  limits  of  the  error  bars.  More  importantly,  NMR  mea¬ 
surements  by  Imai  et  al  [10]  have  suggested  that  for  T  > 
600K  there  is  a  crossover  from  the  renormalized  classical 
behavior  of  Eq(l)  to  quantum  critical  behavior  ~  l/D 

[7]. 

In  order  to  elucidate  this  possible  crossover,  Birgeneau  et 
al  [3]  have  extended  the  measurements  of  Keimer  et  al  [9]  to 
both  lower  and  higher  temperatures.  To  guarantee  complete 
integration  over  all  important  dynamical  fluctuations,  they 
have  used  progressively  higher  incoming  neutron  energies  at 
higher  temperatures  and  hence  shorter  correlation  lengths. 
The  results  so-obtained  are  shown  in  Fig.  1 .  The  spin  wave 
velocity  c=850  meV  ,  and  hence  J=135  meV,  are  known 
from  inelastic  neutron  scattering  measurements  [11].  The 
solid  line  in  Fig  1  is  Eq(2)  with  J=135  meV;  there  is  therefore 
no  adjustable  parameter.  Clearly  the  agreement  between 
the  CHN-HN  theory  [7,8]  for  the  2D  quantum  non-linear 
sigma  model  and  the  Birgeneau  et  al  [3]  data  in  La2Cu04  is 
excellent.  There  is,  in  addition,  no  evidence  for  the  predicted 
crossover  from  renormalized  classical  to  quantum  critical 
behavior  for  T  >  600K  [10,12].  Based  on  more  recent  work 
[13]  in  higher  spin  2D  systems  this  excellent  agreement  with 
the  low  T  RC  prediction  Eq(l)  over  such  a  wide  range 
of  length  scales  and  to  such  high  temperatures  must  be 
considered  surprising. 


Fig.  2.  Magnetization  of  Lai.96Sro.o4Cu04  versus  temperature  for 
a  field  of  0.02  T  applied  perpendicular  (H||c)  and  parallel  (H||ab) 
to  the  CuOa  plane.  The  field-cooled  (FC)  data  deviate  from  the 
zero-field-cooled  (ZFC)  data  at  low  T  indicating  irreversibility.  The 
data  for  H||c  have  been  shifted  by  10“^cm^/g.  A  plot  of  xT  vs. 
T  at  H  =  5.5  tesla  (inset)  demonstrates  the  Curie  behavior.  (Fig. 
from  Ref  [4]). 


3.  SPIN  GLASS  BEHAVIOR  IN  Lai.96Sro.o4Cu04 

Spin  glass  (SG)  behavior  at  intermediate  dopings  in  the 
lamellar  copper  oxides  was  first  predicted  by  Aharony  et 
al  [14].  However,  although  experimental  evidence  for  slow¬ 
ing  down  of  the  spin  fluctuations  in  this  region  has  been 
found  in  neutron  [9],  muon  spin  relaxation  (^SR)  [15]  and 
nuclear  quadrupole  resonance  (NQR)  [16]  measurements, 
until  very  recently  there  had  been  no  report  of  the  magne¬ 
tization  behavior  typical  of  canonical  SGs:  irreversibility 
and  remnant  magnetization  below  the  glass  transition  and 
scaling  behavior  above  and  below  it. [17]  However,  in  a  re¬ 
cent  study  in  Lai.g6Sro.o4Cu04,  Chou  et  al  [4]  have  shown 
that  this  crystal  has  a  uniform  magnetization  characterized 
by  a  low  density  of  effective  free  spins  which  undergo  a 
conventional  3D  SG  transition. 

The  zero-field  cooled  (ZFC)  and  field  cooled  (FC)  mag¬ 
netizations  M  at  H  =  0.02  T  in  Lai.96Sro.o4Cu04  for  the  field 
parallel  (||)  to  and  perpendicular  (i.)  to  the  Cu02  planes 
are  plotted  in  Fig.  2.  History  dependence  sets  in  at  the  ir¬ 
reversibility  temperature,  identified  by  the  splitting  of  the 
ZFC  and  FC  curves.  This  irreversibility  temperature  is  the 
same  for  H||ab  (in-plane)  and  HUc  (out-of-plane).  A  peak 
is  evident  in  the  ZFC  magnetization  near  7K  at  low  field, 
especially  for  Hl|ab.  Such  a  sharp  peak  in  the  ZFC  magne¬ 
tization,  which  broadens  with  increasing  field,  is  one  iden¬ 
tifying  feature  of  a  spin  glass. 

Before  discussing  other  aspects  of  the  SG  behavior,  it  is 
important  to  appreciate  that  the  apparent  density  of  free 
spins  is  very  small,  as  can  be  seen  from  the  magnetization 
at  high  T.  Between  20K  and  lOOK  the  Curie  form,  x  = 
Xo  +  C  /  r,  provides  an  excellent  fit  to  the  T  dependence  of 
M  =  xH  for  fields  between  0.02  and  5.5T.  A  fit  to  the  Curie- 
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Fig.  3.  The  remnant  magnetization  of  Lai, 95810.04^004  plotted 
versus  applied  magnetic  field.  The  moment  is  measured  one  hour 
after  setting  the  field  to  zero.  The  inset  shows  the  time  dependence 
of  the  moment  immediately  after  the  field  is  set  to  zero.  (Fig.  from 
Ref.  [4]). 

Weiss  form  gives  a  Curie-Weiss  temperature  0  =  0  within 
experimental  error.  The  inset  of  Fig.  2  shows  a  plot  of  xT 
vs  T  at  5.5T  illustrating  that  C,  which  has  the  value  (4.7  ± 
0.05)  X  10^  cm^K/g,  is  isotropic.  Using  g=2  and  S=l/2,  this 
value  corresponds  to  only  0.5%  of  the  Cu  spins  or  10% 
of  the  Sr  atoms.  Thus,  the  moment  apparently  arises  from  a 
small  density  of  weakly  interacting  spins  with  an  isotropic 
g  tensor. 

As  is  typical  of  spin  glasses,  [18]  the  magnetization  for  T 
<  T^  remains  after  the  field  is  turned  off.  Fig.  3  shows  the 
magnetic  moment  measured  by  Chou  et  al  [4]  1  hour  af¬ 
ter  setting  the  field  to  zero.  For  the  ZFC  case  the  field  was 
applied  for  5  minutes  at  2.2K  and  then  turned  off  The  be¬ 
havior  of  this  remnant  magnetization  is  typical  of  canonical 
spin  glasses  such  as  Cu:Mn  and  Eul_;^:S^xS  [17].  As  for  other 
SG  systems,  the  time  decay  of  the  magnetization  follows  the 
stretched  exponential  form,  M(t)  =  Mo  exp[~£x^^“'*]  (see 
inset  of  Fig.  3)  and  Chou  et  al  [4]  find  1  -  n  =  0.32  ±  0.07. 
Theoretical  predictions  [19]  and  experiments  on  traditional 
spin  glasses  [20,21]  give  1  -n^  1/3. 

The  last  feature  that  is  used  to  identify  spin  glass  ordering 
involves  the  nonlinear  susceptibility  Xni  = 

More  generally,  a  spin  glass  is  expected  to  show  scaling 
behavior.  Scaling  theory  predicts  that 

X-Xo  =  I (1  -?)  =  jU  -  (3) 

where  t  is  the  reduced  temperature  t  =  (T-T^)/Tg,  q  is  the  SG 
order  parameter  and  the  scaling  functions  /+  and  /_  apply 
for  t  >  0  and  t  <  0,  respectively  [22].  This  expression  reduces 
to  the  Curie  form  at  high  T  where  q=0.  Eq(3)  also  predicts 
that  Xni  diverges  as  H  -►  0  and  T  -►  T^;  in  particular,  an 
expansion  of  M  for  small  H  using  Eq(3)  gives  coefficients 
of  and  that  are  predicted  to  follow  X3  ^  U I  and 
X$  For  t  <  0,  Eq(3)  predicts  that  q  \t\^  for 

H  =  0,  that  is,  /_  (0)  is  non-zero,  while  /+  (0)  =  0. 


Fig.  4.  The  ZFC  SG  order  parameter  q(T)  versus  temperature 
in  Lai,g6Sro.o4Cu04  for  fields  applied  in  the  two  directions.  The 
thick  line  is  the  result  of  a  power  law  fit  q(T)  (T^  -  T)^  to  the 
0.02  T  data.  The  fit  gives  Tg  =  7.1  ±  0.1  K  and  ^  =  0.85  ±  0.12. 
The  thin  lines  are  the  result  of  a  polynomial  fit  to  the  H  =  5.5  T 
(H||ab)  data. 

Using  the  measured  values  of  C  and  xoy  Chou  et  al 
[4]  extract  q(T)  from  the  ZFC  measurements  of  the  x;  the 
results  so-obtained  are  shown  in  Fig  4.  For  Hl|ab,  q  shows 
evidence  for  a  phase  transition  at  7K  which  broadens  with 
increasing  H.  For  H||c,  q  appears  to  grow  with  decreasing 
T  between  ~20K  and  7K  even  at  H  =  0.02  T.  This  behavior 
is  seen  in  several  samples  prepared  in  different  ways.  Above 
~  IT,  q  becomes  isotropic.  To  emphasize  this,  the  data  have 
been  fitted  to  a  polynomial  for  H||  ab  at  5.5T;  the  same  curve 
has  been  plotted  without  adjustment  with  the  H||c  data. 

To  test  whether  Eq(3)  describes  the  data,  p  and  y  were 
determined  in  the  following  way:  first,  for  c  and 
T  <  Tgy  Eq(3)  gives  q  \t\^ .  Fitting  the  data  for  H||ab  at 
0.02T  to  this  form  (heavy  curve  in  Fig.  4)  one  finds  p  = 
0.85  ±  0.12  and  Tg  =  7.1  ±  O.IK.  Second,  since  q  should 
become  independent  of  t  for  Eq(3)  predicts 

that  q  ~  where  5  =  1  +  yIp.  This  form  describes  the 
data  near  T^  well,  and  the  fit  gives  5  =  5.9  ±  0.6,  which, 
with  p  =  0.85  ±  0.12,  gives  y  =  4.2  ±  1.1. 

Using  these  values,  the  data  for  all  fields  and  temper¬ 
atures  are  plotted  in  Fig.  5  using  the  variables  q\t\~^  vs 
Qf  jata  collapse  onto  two  curves,  that 
is,  f-(x)  for  /  <  0  and  f+(x)  for  t  >  0.  Note  that  for  these 
data  the  quantity  varies  over  seven  decades.  As 

noted  above,  the  magnetization  is  isotropic  for  H  >  1  T  so 
the  data  collapse  for  H||c  as  well  as  for  H||ab  at  high  fields. 
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Fig.  5.  Log-log  plot  of  q|?|"^  versus  Dififerent  sym¬ 

bols  represent  different  fields:  o  O.IT,  n  0.5T,  0  IT,  A  1.5T, 
closed  o  2T,  closed  □  3T,  closed  0  4T,  closed  A  5.5T.  All  data 
in  the  ranges  2K  <  T  <  30K  and  O.IT  <  H  <  5.5T  collapse 
demonstrating  the  scaling  described  by  Eq(3).  The  data  for  t  <  0 

correspond  to  ZFC  measurements;  FC  data  scale  similarly. 

The  line  q  with  5  =  5.9  is  drawn  in  the  figure  to  il¬ 
lustrate  the  asymptotic  behavior  for  ?  0.  The  observation 

that  q\t\~^  approaches  a  constant  for  small  for 

/  <  0  is  consistent  with  the  observed  scaling  q  ^  \t\^  dis¬ 
cussed  above.  In  the  scaling  plot  we  have  used  ZFC  data 
for  t  <  0;  essentially  identical  results  are  obtained  with  FC 
data. 

It  is  evident,  therefore,  that  the  apparently  isotropic  free 
spins  that  contribute  to  the  magnetization  undergo  a  canon¬ 
ical  3D  spin  glass  transition  at  7K  in  Lai.96Sro.o4Cu04.  How¬ 
ever,  interesting  questions  remain  to  be  elucidated.  Since 
it  is  known  from  neutron  measurements  [9]  that  there  is 
one  spin  per  Cu  atom  with  an  antiferromagnetic  correlation 
length  of  ~  40.^,  the  origin  of  the  low  density  of  effective 
free  spins  remains  to  be  understood.  Specifically,  since  the 
majority  of  Cu  spins  are  strongly  antiferromagnetically  cou¬ 
pled,  it  is  important  to  determine  whether  the  spins  seen  in 
the  magnetization  are  the  residue  of  the  Cu  spin  system,  for 
example,  coming  from  the  antiferromagnetic  domain  walls, 
or  result  from  defects.  In  either  case,  however,  the  agreement 
with  pSR  and  NQR  measurements  as  well  as  the  univer¬ 
sality  of  the  basic  results  show  that  the  free  spins  measured 
by  Chou  et  al  [4]  reflect  the  freezing  of  the  entire  Cu  spin 
system. 


4.  OBSERVATION  OF  A  MAGNETIC  GAP  IN 
SUPERCONDUCTING  Lai.gsSro.isCuO^  (Tc  =  37.3K) 

As  discussed  in  Ref  [2],  the  spin  fluctuations  in 
La2-xSrxCu04  (LSCO)  and  YBa2Cu307-5  (YBCO)  are 
similar  in  many  ways.  There  are,  however,  two  fundamen¬ 
tal  differences  in  the  results  reported  to-date.  First,  in 
superconducting  LSCO  the  spin  fluctuations  are  incom- 


(co  =  3meV) 


H  (r.l.u.)  ^ 

Fig.  6.  Neutron  inelastic  scattering  spectra  at  3  meV  for 
Lai.85Sro.i5Cu04  1  at  T  =  40  K  (>  Tc)  (a)  and  T  =  4K(b)  taken 
by  scan  A.  The  collimator  sequence  was  40'  -  80'  —  S'  —  80'  —  80'. 
At  the  top  is  a  schematic  drawing  of  reciprocal  space  near  the 
(tt,  tt)  position;  typical  scan  directions  are  denoted  by  A,  A',  B 
and  B'.  The  closed  circles  denote  the  peak  positions  of  the  in¬ 
commensurate  magnetic  fluctuations.  In  the  [H  H  L]  zone,  scans 
A  and  B  can  be  performed  with  tilts  of  the  crystal  around  the  c* 
axis  equal  to  6°  and  0°,  respectively.  (Fig,  from  Ref  [5]). 

mensurate  [23,24],  resulting  in  peaks  at  Qs=  [tt(1  ±  5),  tt] 
and  [tt, Tr(l  ±  5)]  with  5  1/4,  whereas  in  YBCO  the 

fluctuations  are  essentially  commensurate  [25,26].  In  the 
two-dimensional  (2D)  square  lattice  with  unit  lattice  con¬ 
stant,  (tt,  tt)  is  the  comer  of  the  Brillouin  zone.  Second,  in 
YBCO  a  gap  in  the  magnetic  fluctuation  spectrum  seems  to 
be  observed  in  the  superconducting  state  [25,26]  whereas  in 
LSCO  inconunensurate  spin  fluctuations  at  quite  low  ener¬ 
gies,  CO  1.2  and  1.5  meV,  have  been  found  to  persist  down 
to  the  lowest  temperatures  measured  [23,24].  The  absence 
of  a  magnetic  gap  in  LSCO  represents  a  major  conundrum 
for  any  model  of  the  superconductivity  in  the  single  layer 
Cu02  superconductors  and  indeed  has  led  to  rather  diverse 
interpretations  of  the  experimental  results  [23,24,27-29]. 

Clearly,  it  is  essential  to  know  whether  the  observed  ab¬ 
sence  of  a  magnetic  gap  in  LSCO  is  intrinsic,  or,  as  suggested 
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previously,  arises  from  magnetic  impurities  or  disorder.  This 
question  can  only  be  properly  resolved  by  preparing  sin¬ 
gle  crystals  of  progressively  higher  quality  and  studying  the 
consequent  evolution  of  the  low  energy  spin  fluctuations 
in  the  superconducting  state.  Recently,  through  a  concen¬ 
trated  materials  effort,  the  Tohoku  group  [5]  has  managed 
to  grow  a  number  of  single  crystals  which  appear  to  be 
markedly  more  homogeneous  than  the  samples  studied  pre¬ 
viously  with  neutrons  [23,24].  Gratifyingly,  they  find  that 
for  E  ~  3.5  meV  the  T-dependence  of  the  generalized  sus¬ 
ceptibility  x"(25>  shows  a  sharp  peak  at  --  =  37.3K 

and  diminishes  rapidly  towards  zero  as  the  temperature  is 
lowered.  Thus,  the  magnetic  gap  issue  in  LSCO  is  now  re¬ 
solved. 

The  results  of  Yamada  et  al  [5]  may  be  briefly  summa¬ 
rized.  The  [H  K  0]  zone  of  La2-xSrxCu04  is  illustrated  at 
the  top  of  Fig.  6.  The  magnetic  scattering  corresponds  to 
four  rods  along  (0,0,L)  which  intersect  the  (H,K,0)  plane  at 
the  indicated  positions.  Basic  in-plane  scans  which  charac¬ 
terize  the  geometry  of  the  2D  spin  fluctuations  are  labelled 
A,  B,  A'  and  B'.  For  a  sample  oriented  in  the  [H  0  L]  zone 
by  tilting  the  sample  about  the  (0,0,1)  axis  by  an  angle  </>, 
scans  with  q^  =  H  cos  (^,  =  H  sin  (/>  and  qz  =  L  arbitrary 

are  possible  [23].  Such  tilt  scans  are  parameterized  by  the 
variable  H.  Yamada  et  al  [5]  have  used  (/>  =  6°  which  cor¬ 
responds  closely  to  scan  A  in  Fig.  6  except  for  the  different 
orientation  of  the  instrumental  resolution  function.  Scan  B 
corresponds  simply  to  a  scan  along  (H,0,L)  with  the  tilt  <f) 
=  0  and  L  fixed. 

Figure  6(a)  and  (b)  shows  results  of  6  degree  tilt  scans 
for  o)  =  3  meV  at  T  =  40K,  which  is  just  above  Tc,  and  at 
T  =  4K.  At  T  =  40K  two  sharp  incommensurate  peaks  are 
observed,  but  at  T  =  4K  the  peaks  are  not  visible  above  the 
background.  This  contrasts  sharply  with  results  reported  in 
[23]  and  [24]  where  both  groups  find  significant  intensity  at  ~ 
3  meV  down  to  4K.  It  should  be  noted  that  the  normalized 
integrated  intensity  at  T  =  40K  for  co  =  3  meV  is  about  a 
factor  of  2  weaker  than  that  measured  in  Ref  [23].  Scans 
with  tilt  (/)  =  0  along  (H,0,0)  at  T  =  40K  show  no  scattering 
above  the  background.  This  agrees  with  the  results  reported 
in  Ref  [23],  but  not  with  those  in  Ref  [24],  where  Mason 
et  al  [24]  report  measurable  peak  intensity  for  such  zone 
diagonal  scans.  The  latter  may  have  resulted  from  either 
poorer  crystal  quality  or  poorer  resolution,  but  clearly  is 
not  intrinsic  to  higher-Tc,  homogeneous  Lai.85Sro.i5Cu04. 

Detailed  temperature  dependences  at  2,  3  and  4.5  meV 
have  also  been  measured.  The  results  so-obtained  are  shown 
in  Fig.  7.  The  data  at  2  meV  correspond  to  the  integral 
of  with  respect  to  q  along  scan  A  while  the  re¬ 
sults  at  3  and  4.5  meV  are  simply  to),  that  is 

the  measured  peak  intensity  (integrated  over  the  resolution 
function)  with  the  Bose  factor  removed.  It  is  clear  that  at 
both  2  meV  and  3  meV  x"  shows  a  peak  at  -  Tc  =  37.3K 
and  diminishes  to  zero  as  T  decreases  toward  0  K.  By  con¬ 
trast,  at  CO  =  4.5  meV  x"(5  =  2<5.  to)  is  -  constant  below 


=3V.3K) 


Temperature  (K) 

Fig.  7.  Temperature  evolution  of  at  Qs  with  energies 

of  2,  3  and  4.5  meV.  The  data  for  2  meV  correspond  to  the  2D 

integral  of  the  intensities  around  & .  (Fig.  from  Ref  [5]). 

Tc.  This  immediately  implies  a  magnetic  gap  energy  between 
3  meV  and  4.5  meV.  This  should  be  contrasted  with  the 
superconducting  BCS  weak  coupling  s-wave  gap  energy  of 
2A  =  3.547;  =  11.4  meV.  We  note  that  the  temperature  de¬ 
pendence  of  x''(^  =  25.  CO )  for  CO  =  2  meV  is  similar  to  the 
behavior  of  IfTi  T  measured  with  NMR  for  [27].  The 
latter  measures  x''(^>  co)/co  in  the  limit  co  -►  0. 

We  show  in  Fig.  8  the  energy  dependences  of  x"(25,  m) 
at  T  =  4  K  and  T  =  40  K  measured  in  two  separate  crys¬ 
tals.  For  T  -  40  K  (>  Tc)  x"(25.  varies  gradually  with 
energy  possibly  going  to  0  as  co  -►  0.  On  the  other  hand  at 

T  =  4  K  x'^(25.  is  non-zero  above  3.5  meV  but  is  not 
measurable  above  the  background  for  lower  energies.  We 
conclude,  therefore,  that  there  is  a  superconducting  mag¬ 
netic  gap  of  3.5  ±  0.5  meV  for  the  spin  fluctuations  at  q^Qs 
in  Lai.85Sro.i5Cu04  (Tc  =  37.3K).  This  resolves  the  major 
conundrum  discussed  at  the  beginning  of  this  section.  Con¬ 
comitantly,  it  also  suggests  that  the  low  energy  spin  exci- 
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Lai.85Sro.l5Cu04(Tc  =  37.3K) 
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Fig.  8.  The  energy  dependences  of  co)  at  T  =  4  K  and 

T  =  40  K  measured  in  Lai.85Sro.i5Cu04.  (Fig.  from  Ref.  [5]). 

tations  in  the  superconducting  state  reported  in  Refs  [23] 
and  [24]  originated  from  disorder.  Detailed  analysis  suggests 
that  the  measured  gap  energy  is  consistent  with  (1^2-^  mod¬ 
els  [28-30]  for  the  superconductivity  provided  that  2Ao 
6  KTc.  At  the  same  time,  a  highly  anisotropic  s-wave  state 
cannot  be  ruled  out.  Finally,  it  is  now  important  to  relate 
the  magnetic  gap  measured  in  LSCO  [5]  with  that  measured 
in  YBCO  [25,26];  in  the  latter  case,  the  apparent  magnetic 
gap  depends  sensitively  on  the  oxygen  concentration  5,  de¬ 
creasing  rapidly  with  increasing  5. 


5.  CONCLUSIONS 

Since  the  discovery  of  high  Tc  superconductivity,  our  ap¬ 
proach  has  been  to  try  to  understand  the  entire  phase  dia¬ 
gram  of  the  Cu02  layer  as  a  function  of  doping  and  specif¬ 
ically  the  evolution  from  the  insulating  to  the  supercon¬ 
ducting  state  by  studying  single  crystals.  Although  this  has 
been  motivated  by  our  interest  in  the  microscopic  mecha¬ 
nism  leading  to  superconductivity,  each  regime  of  the  phase 
diagram  has  revealed  elegant  new  physics,  as  the  results  re¬ 
viewed  here  demonstrate.  It  is  likely  that  this  approach  will 
continue  to  be  fruitful. 
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Abstract — ^We  report  ®^Cu  NMR  studies  on  uniaxially  aligned  and  unaligned  powder  samples  of  an  electron- 
doped  infinitely -layered  high  Tc  cuprate  superconductor  Sro,9Lao.iCu02  (Tc=  42  K).  We  measured  the 
nuclear  spin-lattice  relaxation  rate  lATi  up  to  800  K.  We  found  from  the  temperature  dependence  of  1/TiT 
that  the  wave -vector-averaged  spin  susceptibility  is  highly  enhanced  by  spin-fluctuations  in  the  normal  state, 
resulting  in  a  Curie-Weiss  behavior.  Below  Tc,  we  did  not  observe  a  Hebel-Slichter  coherence  peak  of  1/Ti, 
suggesting  an  unconventional  nature  of  the  symmetry  of  the  superconducting  order  parameter.  These  results 
are  quite  similar  to  those  observed  for  some  hole-doped  high  Tc  cuprates. 


1.  INTRODUCTION 

The  mechanism  of  high  temperature  superconductivity  in 
doped  cuprate  high  Tc  superconductors  is  a  very  controver¬ 
sial  issue.  So  far,  no  consensus  has  been  reached.  However 
various  experiments  have  established  that  undoped  parent 
compounds  of  high  Tc  cuprates  are  spin  S=l/2  antiferro- 
magnets.  Microscopic  experimental  probes  including  NMR 
(Nuclear  Magnetic  Resonance),  NQR  (Nuclear  Quadupole 
Resonance)  [1],  neutron  scattering[2],  and  Raman  scatter- 
ing[3]  revealed  that  one  can  describe  the  magnetic  properties 
of  the  undoped  parent  compounds  based  on  the  two  dimen¬ 
sional  Heisenberg  model  reasonably  well.  The  next  crucial 
step  toward  the  complete  understanding  of  high  temper¬ 
ature  superconductivity  is  to  figure  out  the  nature  of  the 
carriers  doped  into  the  conducting  Cu02  planes,  and  the 
influence  of  mobile  carriers  on  the  electronic  states  of  the 
undoped  quasi  2d  Heisenberg  antiferromagnets.  The  un¬ 
doped  compound  La2Cu04  is  a  quasi  2d  Heisenberg  an- 
tiferromagnet  with  intraplane  exchange  interaction  J/kg  = 
1520  K  and  bulk  3d  Neel  ordering  temperature  Tn~  325  K 
[2].  Recently,  after  several  years  of  painful  trials  and  errors, 
the  IIlinois-Kyoto  collaboration  reported  the  first  success¬ 
ful  detection  of  NQR  in  the  paramagnetic  state  of 

La2Cu04[l].  Their  discovery  of  the  NQR  signal  opened  a 
way  to  investigate  the  influence  of  hole-doping  in  the  entire 
doping  range  between  the  undoped  La2Cu04  and  the  opti¬ 
mum  hole-doped  high  Tc  superconductor  Lai.85Sro.i5Cu04 
(Tc=38  K)  by  directly  observing  the  nuclear  resonance  in 
the  Cu02  planes.  They  measured  the  temperature  depen- 
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dence  of  the  nuclear  spin-lattice  relaxation  rate  1/Ti  and 
the  Gaussian  component  of  the  spin-spin  relaxation  rate 
1/T2G-  These  quantities  probe  the  imaginary  and  real  parts 
of  the  weighted  wave-vector  q-averaged  dynamical  electron 
spin  susceptibility  co  =  cOn)  and  x'(q,  cv  =0),  respec¬ 
tively,  where  co  is  frequency  and  cOn  is  the  resonance  fre¬ 
quency  [4,5].  Theoretical  calculations  for  the  2d-Heisenberg 
model  based  on  dynamical  scaling[6],  high  temperature  ex- 
pansion[7],  and  finite  cluster  calculations[8]  reproduce  the 
experimental  data  of  La2Cu04  quite  well  without  any  ad¬ 
justable  parameters.  The  most  surprising  observation  by 
Imai  et  al.  is  that  1/Ti  levels  off  above  750  K  at  approx¬ 
imately  the  same  value  regardless  of  the  doping  level  [1]. 
This  finding  demonstrates  that  at  high  temperatures  the  spin 
dynamics  of  the  high  Tc  superconductor  Lai.85Sro.i5Cu04 
retains  essentially  the  same  properties  of  the  undoped  anti- 
ferromagnet  La2Cu04.  In  other  words,  in  the  first  order  ap¬ 
proximation,  copper  d-spins  in  the  superconducting  phase 
may  be  viewed  as  localized  moments  at  elevated  tempera¬ 
tures  [9].  More  recently  Sato  and  coworkers  also  reported 
that  the  Hall  coefficient  levels  off  at  elevated  temperatures 
for  La2-xSrxCu04  (0.04^x^0.15)  at  approximately  the  same 
value  [10].  This  suggests  that  charge  dynamics  in  the  hole- 
doped  superconducting  phase  may  also  keep  the  fundamen¬ 
tal  characteristic  of  the  insulating  phase  at  elevated  tem¬ 
peratures.  On  the  other  hand.  King  et  al.  reported  that  the 
dispersion  relations  of  the  bands  crossing  or  close  to  the 
Fermi  surface  are  very  different  in  an  electron-doped  high 
Tc  superconductor  NdL85Ceo.i5Cu04  compared  with  those 
in  hole-doped  materials  [11].  The  temperature  dependence 
of  the  penetration  depth  below  Tc  in  Ndi.85Ceo.i5Cu04  re¬ 
ported  by  Wu  et  al.  is  also  regarded  to  be  an  evidence  for 
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the  isotropic  s-wave  pairing  realized  in  the  electron-doped 
system  [12],  in  contrast  with  the  result  for  a  hole-doped  sys¬ 
tem  YBa2Cu3 06.95  by  Hardy  et  al.  which  clearly  indicates 
an  unconventional  nature,  most  likely  to  be  d-wave  pair- 
ing[13].  In  view  of  these  results,  a  naive  question  is  what 
happens  to  the  NMR  properties  if  one  dopes  electrons  in¬ 
stead  of  holes  into  the  Cu02  plane  si  Unfortunately  it  is  not 
easy  to  answer  this  question  because  of  the  following  two 
reasons.  Firstly,  the  physical  properties  of  the  well-known 
electron-doped  high  Tc  superconductor  Ndi,85Ceo.i5Cu04 
are  extremely  sensitive  to  the  oxygen  content  as  may  be  seen 
in  the  results  of  Kambe  et  al.[14].  This  makes  preparation 
of  high  quality  samples  as  well  as  reproducible  studies  very 
hard.  Secondly,  the  presence  of  the  large  Nd  moments  masks 
the  intrinsic  physical  properties  of  Cu02  planes.  In  partic¬ 
ular,  ®^Cu  NMR  experiments  on  Ndi.85Ceo.i5Cu04  are  al¬ 
most  completely  dominated  by  the  large  Nd  moments  as 
demonstrated  by  Zheng  et  al.[15].  In  this  paper,  we  discuss 
our  recent  NMR  results  [16]  for  the  electron-doped  high  Tc 
superconductor  Sro.gLao.iCuOz  (Tc=  42  K)  [17],  and  com¬ 
pare  the  results  with  those  of  hole-doped  materials.  This 
material  is  suited  for  NMR  experiments  because  unlike  the 
case  of  Nd\,^sCeQ,isCuO^  there  are  no  unpaired  spins  out¬ 
side  the  CuOi  planes  in  Sro.9Lao.iCu02  [18].  This  enabled  us 
to  obtain  information  intrinsic  to  the  electron-doped  Cu02 
planes  from  ^^Cu  NMR  for  the  first  time.  In  addition,  the 
infinitely-layered  structure  of  Sro.gLao.iCuOz  allows  us  to 
investigate  the  possible  influence  of  interlayer  coupling  be¬ 
tween  adjacent  Cu02  planes  on  the  physical  properties  of 
high  Tc  cuprates  [19].  Our  key  finding  is  that  the  spin  fluc¬ 
tuation  and  superconducting  properties  of  Sro.9Lao.iCu02 
probed  by  NMR  exhibited  very  similar  results  to  those  of 
hole-doped  compounds. 


2.  EXPERIMENTAL 

Polycrystalline  samples  of  Sro.9Lao.iCu02  were  prepared 
by  utilizing  high  pressure  apparatus  at  Texas.  Details  of 
the  preparation  of  the  samples  and  their  characterization 
are  discussed  elsewhere  [17].  The  hard  pellet  samples  were 
crushed  and  sieved  to  obtain  fine  ceramic  powder  samples. 
A  part  of  the  fine  powder  was  uniaxially  aligned  in  external 
magnetic  field  of  8.3  Tesla  in  Stycast  1266  resin  at  room  tem¬ 
perature.  Since  Stycast  reduces  the  high  Tc  cuprate  samples 
above  approximately  500  K,  NMR  measurements  above  400 
K  were  carried  out  utilizing  a  powder  sample  with  no  epoxy 
sealed  in  a  nitrogen  gas  atmosphere.  After  we  completed 
the  measurements  of  the  NMR  line  shape  and  lATi  up  to 
600  K,  we  cooled  down  the  sample  to  room  temperature 
to  check  the  reproducibility.  We  found  that  1/Ti  at  room 
temperature  was  identical  to  that  before  the  heat  cycling. 
We  repeated  the  same  procedures  after  the  measurements 
at  800  K,  again  confirming  the  reproducibility  of  1/Ti  at 
room  temperature,  though  we  found  a  weak  ®^Cu  NMR 
signal  from  small  amount  of  copper  metal  reduced  from 
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Fig.  1.  and  NMR  spectra  observed  for  the  unaligned 
powder  sample  at  295  K  in  8.3  Tesla.  Inset:  Echo  intensity  of  the 
central  peak  of  Sro.9Lao,iCu02  and  YBa2Cu307  observed  for  the 
aligned  powder  sample  plotted  as  a  function  of  the  width  in  time 
of  the  pulse  width. 

the  sample.  All  the  NMR  measurements  were  carried  out 
at  Illinois  using  standard  home  made  pulsed  NMR  spec¬ 
trometers.  Superconducting  magnets  operating  either  at  8.3 
Tesla  or  at  9.4  Tesla  were  utilized.  NMR  line  shape  was 
measured  by  integrating  the  spin  echo  signal  point  by  point 
scanning  the  resonance  frequency.  1/Ti  was  measured  by  in¬ 
verting  the  population  of  nuclear  magnetization  with  a  180 
degree  pulse. 


3.  RESULTS  AND  DISCUSSION 

3.1.  Static  Properties 

In  Fig.l,  we  present  the  ^^Cu  and  ®^Cu  NMR  line  shape 
of  an  unaligned  powder  sample  of  Sro.9Lao.iCu02  measured 
at  295  K.  There  is  a  small  ’shoulder’  in  the  broad  line  shape 
at  the  higher  frequency  side  of  each  of  the  ®^Cu  and  ®^Cu 
NMR  spectra,  characteristic  of  the  NMR  line  shape  with 
anisotropic  Knight  shift  with  axial  symmetry.  In  fact  we 
confirmed  that  the  angular  dependence  of  the  peak  position 
of  ^^Cu  NMR  in  the  aligned  powder  sample  fits  the  theo¬ 
retical  curve  expected  for  the  case  of  an  anisotropic  Knight 
shift  [20]  quite  well.  In  Fig.  2  (a)  and  (b),  we  present  the 
®^Cu  NMR  line  shapes  observed  for  the  uniaxially  aligned 
powder  sample  with  the  magnetic  field  applied  parallel  to 
the  crystal  c-axis  and  the  ab-plane,  respectively.  One  notices 
that  there  is  a  relatively  sharp  transition  and  broad  tails 
for  both  higher  and  lower  frequency  sides.  We  attribute  the 
sharp  peak  to  the  transition  from  nuclear  spin  quantum 
number  Iz=l/2  to  Iz=-l/2  {le.  the  central  transition),  and 
the  broad  tail  to  the  transition  from  Iz=3/2  to  1/2  and  from 
Iz=-3/2  to  -1/2  {le.  satellite  transitions). 

We  verified  the  assignment  by  comparing  the  nutation 
curves  of  the  spin  echo  signal  as  a  function  of  tw,  the  width 
in  time  of  the  RF  exciting  pulse  for  Cu  metal,  the  Iz=l/2  to 
Iz=-l/2  transition  of  the  planar  Cu  site  of  YBa2Cu307,  and 
the  central  peak  of  the  aligned  powder  of  Sro.9Lao.iCu02 
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Fig.  2.  ®^Cu  NMR  spectra  observed  at  77  K  for  the  uniaxially 
aligned  powder  sample  of  Sro.9Lao.iCu02.  The  magnetic  field  of 
8.3  Tesla  is  applied  parallel  to  (a)  aligned  c-axis,  and  (b)  aligned 
ab-plane. 

under  identical  experimental  conditions.  For  Cu  metal,  a  90 
degree  pulse  occurs  when  y/fitw=Tr/2,  where  y  and  Hi  are 
the  nuclear  gyromagnetic  ratio  and  the  strength  of  RF  mag¬ 
netic  field,  respectively.  For  the  +1/2  to  -1/2  transition,  a  90 
degree  pulse  occurs  when  2y//itw=  tt/2  due  to  the  matrix  el¬ 
ement  effects  [20].  We  found  that  the  results  for  YBa2Cu307 
and  Sro.9Lao,iCu02  were  identical,  as  shown  in  the  inset  to 
Fig.l,  while  t^  for  YBa2Cu307  and  Sro.9Lao.iCu02  was  2 
times  shorter  than  that  for  Cu  metal.  From  the  separation  of 
the  satellite  transitions,  we  estimate  the  nuclear  quadrupole 
coupling  vq  to  be  4  MHz  or  below.  In  general  the  peak  po¬ 
sition  of  the  NMR  line  for  the  Iz=l/2  to  Iz=-l/2  transition  is 
shifted  by  both  the  NMR  Knight  shift,  and  the  second 
or  higher  order  effects  due  to  the  quadrupole  interaction 
[20].  We  confirmed  that  the  relative  shift  of  the  apparent 
peak  position  is  identical  for  both  ®^Cu  and  ®^Cu  isotopes 
for  8.3  and  9.4  Tesla  when  the  magnetic  field  is  applied 
parallel  to  the  aligned  c-axis.  This  indicates  that  the  main 
principle  axis  of  the  quadrupole  coupling  tensor  is  parallel 
to  the  c-axis,  and  the  contribution  from  the  quadrupolar  ef¬ 
fects  to  the  NMR  shift  is  null  in  the  case.  By  taking  Vq  =4 
MHz,  the  contribution  of  the  quadrupole  effects  to  the  shift 
for  the  field  applied  parallel  to  the  ab-plane  is  0.03%  at  8.3 
Tesla.  By  taking  into  account  these  considerations,  our  pre¬ 
liminary  results  on  the  temperature  dependence  of  Knight 
shifts  are  as  follows.  ®^Kc  saturates  at  elevated  temperatures 
and  decreases  below  room  temperature  from  0.92%  at  295 
K  to  0.86%  at  Tc=42K.  In  contrast,  ^^Kab  =  0.29  %  is  in¬ 
dependent  of  temperature.  These  results  are  in  remarkable 


Fig.  3.  Plot  of  the  normalized  intensity  of  echo  integral  M(t)  at 
time  t  after  inversion  of  the  population  of  spins.  Mo  is  the  saturated 
value  of  the  echo  intensity  for  infinitely  large  t.  Solid  line  is  the 
fit  to  the  solution  of  the  rate  equation. 

contrast  with  the  case  of  underdoped  region  of  the  hole 
doped  systems,  where  ®^Kc  is  temperature  independent  and 
®^Kab  decreases  with  temperature  [21].  The  hyperfine  cou¬ 
pling  tensor  in  Sro.9Lao.iCu02  seems  to  be  rather  different 
from  that  in  YBa2Cu30x  and  La2-xSrxCu04. 

3.2.  Spin  Dynamics 

In  Fig.  3  we  present  an  example  of  the  dependence  of  the 
echo  integral  M(t)  on  the  delay  time  t  of  the  echo  sequence 
after  a  180  degree  inversion  pulse.  The  result  fits  very  well  the 
solution  of  the  rate  equation  for  the  Iz=l/2  to  l2=-l/2  tran¬ 
sition  of  nuclear  spin  1=3/2,  M(t)  =  A  -  B  [0.9  exp(-6t/Ti)  + 
0.1  exp(-t/Ti)],  where  A  and  B  are  constants,  and  Ti  is  the 
spin-lattice  relaxation  time.  The  temperature  dependence  of 
the  spin-lattice  relaxation  rate  1/Ti  measured  for  an  aligned 
powder  sample  under  the  external  magnetic  field  8.3  Tesla 
applied  parallel  to  the  crystal  c-axis  or  ab-plane  is  presented 
in  Fig.4.  The  anisotropy  of  1/Ti,  ®^R,  is  approximately  ®^R 
~  2.6.  This  is  comparable  to  but  somewhat  smaller  than  the 
value  observed  for  undoped  La2Cu04  [1]  and  hole-doped 
YBa2Cu307  [22],  ®^R  ~  3.7,  and  much  smaller  than  that  for 
an  antiferromagnet  CuO,  ®^R"'8  [23].  The  large  value  of  ^^R 
in  CuO  is  due  to  the  absence  of  the  transferred  hyperfine 
interaction.  Our  observation  suggests  that  the  mechanism 
of  transferred  hyperfine  interaction  between  nearest  neigh¬ 
bor  Cu  sites  [24]  are  present  in  electron-doped  systems,  too. 
Mild  scattering  of  the  data  for  (1/Ti)c  caused  by  the  broad 
line  width  and  the  resulting  contamination  by  the  satellite 
transition  make  it  difficult  to  obtain  the  precise  value  and 
temperature  dependence  of  ^^R.  It  appears  that  ®^R  does 
not  show  any  strong  temperature  dependence  above  Tc. 

Above  450  K,  we  found  that  the  ceramic  powder  sample 
was  reduced  and  destroyed  in  stycast  1266.  To  avoid  this,  we 
carried  out  measurements  of  l/Ti  for  an  unaligned  powder 
sample  at  the  peak  position  of  the  powder  spectrum  at 
higher  temperatures.  We  normalized  the  data  for  powder, 
(l/Ti)powder,  to  that  measured  for  aligned  powder,  (1/Ti)ab, 
at  295  K  by  multiplying  with  a  factor  1.4.  We  plotted  the 
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Fig.  4.  Temperature  dependencies  of  ®^(1/Ti)ab,c  measured  for  the 
uniaxially  aligned  powder  sample. 


data  of  (1/Ti)ab  and  1.4(l/Ti)powder  together  in  Fig.  5.  Since 
the  normalized  results  showed  good  agreement  also  at  77  K, 
the  normalization  procedure  should  not  alter  any  essential 
aspect  of  the  data. 

It  is  clear  from  Fig.  5  that  the  results  for  the  electron- 
doped  compound  is  semi-quantitatively  similar  to  that  of 
various  hole-doped  compounds.  A  high  relaxation  rate  ITTi 
with  negative  curvature  in  its  temperature  dependence  in¬ 
dicates  that  the  electronic  states  can  not  be  described  by 
the  canonical  Fermi  liquid  state,  and  strong  correlation  ef¬ 
fects  have  to  be  taken  into  account.  As  shown  in  Fig.  5(c), 
the  temperature  dependence  of  TiT  follows  a  Curie-Weiss 
law,  TiT  =  c  (T-T*),  where  c  =  3  x  10"'^  sec  and  T*  = 
-174  K  are  constants,  in  the  entire  temperature  range  be¬ 
tween  Tc  =  42  K  and  800  K.  As  demonstrated  by  Moriya 
[4],  1/Ti  probes  the  weighted  q-average  of  the  imaginary 
part  of  the  electron  spin  susceptibility.  Therefore  our  find¬ 
ing  indicates  that  the  wave  vector  q  averaged  spin  suscepti¬ 
bility  in  the  electron  doped  superconductor  SrQ^Lao^iCuOi 
satisfies  a  Curie-Weiss  law.  The  negative  value  of  T*  means 
that  the  electron  spin  system  in  the  electron-doped  Cu02 
planes  are  not  approaching  the  Neel  ordered  ground  state. 
These  findings  are  essentially  the  same  as  those  previously 
reported  for  YBaaCusO?  by  Barrett  et  al.  [25]  We  also  at¬ 
tempted  to  fit  ITTi  to  a  power  law,  1/Ti  T"  (n"'l/2),  as  sug¬ 
gested  by  Ren  and  Anderson  for  a  Luttinger  liquid  system 
[26].  Though  our  data  is  in  general  accord  with  a  power- 
law  behavior  with  n  ^  1 ,  we  found  that  the  fit  is  not  good. 
One  unique  feature  of  Sro.9Lao.iCu02  is  in  the  strong  in¬ 
terlayer  coupling.  In  fact  the  undoped  parent  compound 
(Cao.85Sro.i5)Cu02  has  the  highest  Neel  ordering  tempera¬ 
ture,  540K,  among  various  cuprates  [27].  Moreover  Cobb 
and  Markert  found  that  the  superconducting  anisotropy  is 
relatively  small  in  Sro.9Lao.iCu02.  Their  observation  is  an 
evidence  for  strong  interlayer  coupling  in  the  electron  doped 
compound  [28].  The  interlayer  coupling  of  Cu02  bi-layers 
has  been  proposed  to  be  responsible  for  the  spin  gap  be¬ 
havior  in  underdoped  YBa2Cu30x  and  YBa2Cu408,  where 
1/TiT  shows  a  significant  reduction  above  Tc  [21].  Though 
one  may  anticipate  that  the  spin  gap  behavior  is  even  en¬ 
hanced  in  the  infinitely-layered  compound  compared  with 


Fig.  5.  (a)Teniperature  dependence  of  ®^(1/Ti)ab  obtained  from 
the  measurement  for  aligned  powder  sample  (filled  circles)  and  for 
unaligned  powder  sample  (unfilled  circles,  normalized  by  multi¬ 
plying  a  factor  1.43).  (b)  ®^(l/TiT)ab-  (c)  ®^(TiT)ab.  Solid  line  is 
a  fit  to  Curie-Weiss  law,  ^^(TiT)ab  =  3xlO"'^(T+174). 


the  bi-layer  systems,  we  did  not  observe  spin  gap  behav¬ 
ior  in  Sro.9Lao.iCu02.  As  presented  in  Fig.  5(b),  1/TiT  in¬ 
creases  monotonically  down  to  Tc-  The  interplay  between 
the  doping  level,  the  nature  of  doping  (hole  or  electron), 
interlayer  coupling,  and  in-plane  anisotropy  [29]  needs  fur¬ 
ther  investigation  to  clarify  the  mechanism  of  spin  gap  be¬ 
havior  observed  in  some  hole-doped  systems.  Another  im¬ 
portant  finding  in  our  data  is  that  1/Ti  exhibits  monotonic 
and  sudden  decrease  just  below  Tc.  Various  model  calcula¬ 
tions  showed  that  isotropic  s-wave  superconducting  pairing 
results  in  a  Hebel-Slichter  coherence  peak  [30]  just  below 
Tc  even  for  the  systems  with  strong  antiferromagnetic  spin 
fluctuations.  The  absence  of  the  coherence  peak  in  the  mag¬ 
netic  field  of  8.3  Tesla  makes  the  s-wave  scenario  unlikely 
in  the  electron-doped  superconductor  Sro.9Lao.iCu02. 
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3.3.  Summary 

We  reported  our  ®^Cu  NMR  measurements  for  an 
electron-doped  infinitely-layered  high  Tc  superconductor 
Sro.9Lao.iCu02.  This  material  is  unique  in  the  sense  that 
the  doping  is  made  by  adding  electrons  into  CuOa  planes 
instead  of  holes,  and  the  interlayer  coupling  might  be 
strongest  among  various  cuprates.  Our  experimental  re¬ 
sults  indicate  that  the  spin  dynamics  in  the  electron-doped 
Sro.9Lao,iCu02  show  essentially  the  same  temperature 
dependence  as  those  in  hole-doped  compounds.  The  sym¬ 
metry  of  the  orbital  pairing  in  the  superconducting  state 
is  unlikely  to  be  isotropic  s-wave,  again  analogous  to  the 
case  of  hole-doped  systems.  Investigation  of  further  details 
of  some  aspects  of  our  experiments  including  NMR  shifts, 
hyperfine  coupling,  and  the  comparison  with  the  undoped 
insulating  antiferromagnet  Cao.85Sro.i5Cu02  are  under  way. 
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Abstract — ^We  have  developed  a  new  scattering  geometry  for  magnetic  neutron  scattering  experiments  on 
YBa2Cu307  in  which  the  phonon  background  around  q  ~  ( ^),  ~  40meV  is  significantly  reduced. 

We  use  this  new  approach  to  study  the  previously  detected  sharp  magnetic  excitation  at  ~  40meV  in  the 
superconducting  state  in  detail.  The  excitation  does  not  shift  substantially  in  energy  up  to  at  least  75K 
(-O.STc).  Polarized  neutron  scattering  experiments  (horizontal  minus  vertical  field)  confirm  the  magnetic 
origin  of  the  40meV  excitation  and  put  stringent  limits  on  the  magnetic  scattering  intensity  in  the  normal 
state. 


Over  the  past  seven  years,  numerous  magnetic  neutron  scat¬ 
tering  experiments  on  the  underdoped  YBa2Cu306+x  sys¬ 
tem  have  been  performed  and  have  revealed  a  v^^ealth  of 
important  information  on  the  magnetic  ground  state  and 
excitations  [1,2].  Until  recently  similar  experiments  on  the 
fully  oxygenated  compound  YBa2Cu307  have  been  more 
controversial  [2,3],  because  the  magnetic  cross  section  is 
smaller  and  occurs  at  higher  energies.  Since  in  all  neutron 
scattering  experiments  on  YBa2Cu307  (unpolarized  as  well 
as  polarized)  the  background  is  comparable  or  larger  than 
the  signal,  the  background  subtraction  has  to  be  carried 
out  with  extreme  care.  For  unpolarized  beam  experiments, 
the  background  from  one-phonon  and  multiphonon  scat¬ 
tering  is  dominant.  While  multiphonon  scattering  gives  a 
background  which  is  featureless  in  energy  and  momentum, 
dispersion  and  dynamical  structure  factor  effects  in  scatter¬ 
ing  from  single  optical  phonons  generally  lead  to  distinct 
features  of  the  scattering  cross  section  in  energy  and  mo¬ 
mentum  which  are  difficult  to  distinguish  from  magnetic 
excitations. 

We  have  therefore  begun  to  develop  a  detailed  under¬ 
standing  of  the  phonon  spectrum  with  emphasis  on  the  en¬ 
ergy  range  (ftco  ^  40meV)  in  which  magnetic  excitations 
had  previously  been  reported  [2,3].  Detailed  lattice  dynam¬ 
ical  calculations,  together  with  experimental  studies  of  the 
temperature  and  momentum  dependence  of  the  scattered 
intensity,  allowed  us  to  separate  a  phonon  involving  pre¬ 
dominantly  c-axis  motion  of  the  in-plane  oxygen  from  a 
magnetic  excitation  with  a  similar  energy  and  dynamical 
structure  factor  [4].  Our  measurements  were  performed  at 
the  High  Flux  Beam  Reactor  at  Brookhaven  at  the  H7,  H8 
and  H4M  triple  axis  spectrometers. 

Figure  1  shows  the  scattering  geometry  we  developed 
for  this  purpose.  As  first  reported  by  Rossat-Mignod  et 
al.  [2],  the  magnetic  excitation  occurs  at  '-40meV  and 
Q  =  [2^21+  1),  |(2y+  1),  1.7(2/:+  d)  with  the  momen- 


Fig.  1.  Geometries  used  for  magnetic  neutron  scattering  experi¬ 
ments  on  YBa2Cu307.  The  long  axis  of  the  resolution  ellipsoid  is 
perpendicular  to  the  (horizontal)  scattering  plane.  The  four  peaks 
shown  would  be  expected  if  the  scattering  were  peaked  at  q  = 
ikF.kr)  instead  of  (~,  f ). 


turn  transfer  Q  =  (H,K,L)  measured  in  units  of  the 
reciprocal  lattice  vectors  ^  and  and  i,j  and  k 
integer.  As  the  point  (j,  1.7)  cannot  be  studied  because 

of  kinematical  constraints,  and  the  magnetic  form  fac¬ 
tor  suppresses  the  magnetic  intensity  for  (|,  |,  1.7),  all 
previous  neutron  scattering  experiments  had  been  carried 
out  at  the  point  (|,  j,  5.2).  However,  we  found  that  the 
phonon  dynamical  structure  factor  is  peaked  at  this  point, 
which  makes  it  difficult  to  separate  the  magnetic  excitation 
from  the  phonon  background.  For  Q  =  1.7),  on  the 

other  hand,  the  phonon  cross  section  is  very  small  and  the 
magnetic  excitation  can  be  isolated.  The  phonon  can  be 
isolated  by  increasing  the  momentum  transfer  to  L  =  14, 
where  the  magnetic  form  factor  suppresses  the  magnetic 
intensity  almost  completely,  but  the  phonon  intensity  is 
greatly  enhanced.  (The  phonon  cross  section  contains  a 
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term  proportional  to  Q^.)  While  the  phonon  experiences  a 
momentum  dependent  softening  below  Tc  [5],  its  intensity 
is  unaffected  by  superconductivity.  By  contrast,  the  40meV 
magnetic  excitation  exists  in  the  superconducting  state  only, 
that  is,  there  is  no  evidence  in  our  measurements  of  any 
significant  magnetic  peak  centered  around  an  energy  of 
40meV  in  the  normal  state.  We  note  that  the  same  conclu¬ 
sion  was  recently  reached  independently  by  Bourges  et  al 
[6]  using  very  different  (but  equally  valid)  reasoning. 

40meV  thus  appears  to  be  an  energy  characteristic  of  the 
superconducting  state.  Of  course,  because  of  the  significant 
background  our  data  do  not  rule  out  magnetic  scattering  at 
40meV  in  the  normal  state  if  it  is  very  weak  (conservatively, 
at  least  a  factor  of  3  weaker  than  in  the  superconducting 
state)  or  broadly  distributed  in  energy  and  momentum.  Po¬ 
larized  beam  experiments  (see  below)  put  even  more  strin¬ 
gent  limits  on  the  magnetic  scattering  intensity  in  the  nor¬ 
mal  state,  as  compared  to  the  superconducting  state.  The 
fact  that  the  magnetic  excitation  can  be  clearly  observed 
at  two  symmetry-related  positions  of  reciprocal  space  also 
rules  out  any  spurious  processes  as  the  origin  of  the  signal. 
Experimental  artefacts  such  as  accidental  Bragg  scattering 
generally  do  not  have  the  symmetry  of  the  reciprocal  lattice. 
We  have  therefore  ruled  out  any  other  explanation  for  the 
40meV  feature  in  the  superconducting  state,  and  even  from 
unpolarized  beam  measurements  alone  we  can  conclusively 
identify  it  as  a  magnetic  excitation. 

Figure  2(a)  shows  a  scan  through  the  1.7)  position. 
As  indicated  in  the  figure,  the  intrinsic  width  of  the  profile 
is  consistent  with  a  sharp  peak  at  q2/)  =  {kp^kp)  and  its 
Umklapp  counterparts.  If  the  scattering  were  indeed  peaked 
at  q2Z)  =  (kp,  kp),  the  peaks  could  not  be  resolved  because 
of  the  poor  vertical  resolution  of  our  triple  axis  spectrome¬ 
ter  [long  axis  of  the  resolution  ellipsoid  shown  in  Fig.  1(a)]. 
The  intrinsic  momentum  width  of  the  excitation  may  thus 
indicate  a  Fermi  surface  effect,  but  alternative  explanations 
have  also  been  given  [8].  All  theories  must  explain  the  sinu¬ 
soidal  modulation  of  the  scattering  intensity  as  a  function 
of  the  momentum  transfer  perpendicular  to  the  CuOi  layers 

[4]. 

As  a  crosscheck  of  our  unpolarized  beam  experiments, 
we  have  performed  polarized  beam  experiments  both  in  the 
“standard^’  scattering  zone  around  5.2)  and  in  the 
newly  developed  zone  around  (|,  1.7).  As  in  the  case  of 

unpolarized  neutron  scattering  experiments  the  weakness  of 
the  signal  makes  an  extremely  careful  background  subtrac¬ 
tion  indispensable.  In  particular,  it  is  difficult  to  discrimi¬ 
nate  between  genuine  magnetic  scattering  processes  (Bragg 
scattering  from  monochromator  and  analyser;  inelastic  scat¬ 
tering  from  the  sample)  and  accidental  nuclear  Bragg  scat¬ 
tering  (Bragg  scattering  from  monochromator  and  sample; 
incoherent,  diffuse  or  inelastic  scattering  from  the  analyser). 
Although  the  latter  process  does  not  involve  a  spin  flip  at 
the  sample,  limitations  of  the  polarized  beam  setup  never¬ 
theless  allow  some  such  neutrons  to  reach  the  detector.  We 
have  conducted  extensive  checks  for  these  spurious  effects 


H  (r.I.u.) 

Fig.  2.  (a)  Scattering  profiles  along  OH,  H.  1.7)  at  hw  =  41meV. 
The  approximate  locations  of  the  four  peaks  of  Fig.  1  are  indicated 
by  arrows,  kp  was  taken  from  the  photoemission  data  of  Ding  et  ai 
[7]  on  Bi2Sr2CaCu208+5,  which  has  a  structure  and  T^  very  similar 
to  YBa2Cu307.  The  bar  indicates  the  momentum  resolution,  (b) 
OH,H,\.l)  scan  taken  with  a  polarized  beam,  with  horizontal 
(HF)  and  vertical  (VF)  neutron  guide  fields  at  the  sample.  The  lines 
are  the  same  as  in  panel  a),  rescaled  without  adjustable  parameters, 
(c)  Horizontal  field  scans  in  the  same  geometry  at  lOK  and  lOOK. 

and  found  that  in  the  standard  geometry  they  dominate  the 
signal,  so  that  polarized  beam  experiments  are  very  difficult. 
Spurious  effects  are  in  fact  the  origin  of  the  small  41  meV 
’’resonance’'  in  the  normal  state  observed  in  the  polarized- 
beam  experiments  of  Mook  et  al  [3]  Fortuitously,  the  new 
scattering  geometry  is  far  less  affected  by  this  contamina¬ 
tion,  and  data  taken  in  this  mode  allowed  us  to  confirm 
the  magnetic  origin  of  the  40meV  excitation  in  the  super¬ 
conducting  state  unambiguously  [Fig.  2(b)],  The  solid  line 
through  the  points  is  the  line  of  panel  a),  rescaled  to  adjust 
for  the  reduced  efficiency  of  the  polarized  beam  equipment. 
This  confirms  that  all  the  intensity  which  is  peaked  around 
q2/)  =  ^he  superconducting  state  arises  from  mag¬ 

netic  scattering. 

For  fixed  neutron  guide  field  at  the  sample,  one  measures 
the  magnetic  cross  section  plus  an  extrinsic  background.  The 
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Standard  way  of  removing  the  background  is  to  measure  the 
intensity  for  vertical  guide  field  (yielding  only  half  magnetic 
cross  section  because  of  polarization  effects)  and  subtract¬ 
ing  it  from  the  intensity  for  horizontal  guide  field  (yielding 
the  full  magnetic  cross  section).  Figure  2(b)  shows  that  the 
the  40meV  excitation  survives  this  test  as  well.  Figure  2(c) 
confirms  that  the  the  magnetic  cross  section  at  40meV  in 
the  normal  state  is  much  smaller  than  in  the  superconduct¬ 
ing  state.  While  on  general  grounds  one  expects  some  mag¬ 
netic  scattering  at  any  temperature,  the  magnetic  scattering 
intensity  at  40meV  in  the  normal  state  is  indistinguishable 
from  zero  within  our  present  errors. 


Tio)  (meV) 

Fig.  3.  Energy  scans  of  the  magnetic  excitation  at  Q  =  1.7). 

The  data  were  taken  under  different  experimental  conditions,  and 
the  relative  intensities  were  normalized  approximately.  The  bar 
indicates  the  energy  resolution. 


In  Fig.  3  energy  scans  at  Q  =  (|,  1,7)  are  shown.  The 

intensity  of  the  magnetic  excitation  (and  concomitantly  the 
data  quality)  diminishes  rapidly  as  Tc  is  approached.  A 
slight  shift  ('-  2  meV)  of  the  excitation  energy  is  suggested 
by  the  data  taken  at  75K  ('-0.87"^),  but  is  within  the  exper¬ 
imental  uncertainty.  As  there  is  no  evidence  of  scattering 
centered  around  40meV  in  the  normal  state,  we  may  asso¬ 
ciate  this  energy  with  the  spectroscopic  energy  gap  (2A)  in 
the  superconducting  state.  If  this  interpretation  is  correct, 
the  gap  must  be  essentially  temperature  independent  be¬ 
low  ~0.87^.  Further,  the  coherence  factor  for  quasiparticle 
creation  by  magnetic  neutron  scattering  necessitates  a  sign 
reversal  of  the  energy  gap  on  the  Fermi  surface  [4].  Other 
interpretations  in  which  the  excitation  energy  is  determined 
by  weakly  temperature  dependent  microscopic  parameters 
have  also  been  proposed  [8]. 
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Abstract— From  the  NMR  and  NQR  studies,  we  show  the  unconventional  superconducting  properties  in 
the  antiferromagnetic  (AF)  heavy-fermion  (HF),  UPd2Al3  and  high-Tc  cuprate  systems.  In  UPd2Al3  with 
Tn-1^.5  K  and  Tc=2  K,  the  superconductivity  is  shown  to  be  of  d-wave  pairing  type  with  lines  of  vanishing 
gap  on  the  Fermi  surface.  The  potential  scattering  associated  with  some  defects  at  the  A1  site  is  the  cause 
for  the  Tc  suppression  and  the  appearance  of  the  density  of  states  (DOS)  at  the  Fermi  level.  This  unusual 
impurity  effect  is  consistent  with  a  d-wave  scenario,  because  the  potential  scattering  leads  to  a  gap  opening  for 
an  anisotropic  s-wave  scenario.  In  high-Tc  cuprate  which  are  argued  to  be  either  a  d-wave  or  an  anisotropic 
s-wave,  the  potential  scatterer  like  Zn  in  the  plane  induces  the  gapless  superconductivity  as  well,  which 
can  not  be  interpreted  in  terms  of  an  anisotropic  s-wave  scenario  if  the  order  parameter  does  not  change 
sign  largely.  It  is  shown  from  the  NMR  experiment  at  the  A1  site  for  Al-doped  Lai.85Sro.i5Cu04  that  local 
moments  at  near  neighbor  Cu  sites  induced  around  A1  impurity  do  not  play  a  role  to  suppress  the  Tc  and 
to  induce  the  DOS  at  all.  The  NMR  studies  in  novel  superconductors  have  provided  important  clues  to 
identify  their  symmetry  of  order  parameter  to  be  d-wave. 


Keywords:  heavy  fermion  system,  high-Tc  cuprate,  d-wave  superconductivity,  NMR,  NQR 


1.  INTRODUCTION 

Novel  superconductors  such  as  heavy  fermions  (HF)  and 
high-Tc  cuprates  systems  are  unconventional,  possessing  a 
highly  anisotropic  gap  function.  Whereas  the  symmetry  of 
the  order  parameter  (OP)  in  the  HF  systems  is  established  to 
be  either  p-  or  d-symmetry  with  lines  of  vanishing  gap,  the 
candidates  for  the  OP  in  the  high-Tc  seem  to  be  a  d^i-yp.  or 
a  highly  anisotropic  s-wave  (ASW)  type,  since  the  formation 
of  singlet  pairing  state  is  evidenced  by  the  large  decrease  of 
the  spin  susceptibility  measured  by  the  NMR  Knight  shifts. 

Recently,  a  growing  list  of  experiments  suggests  to  be 
consistent  with  the  dxi-yp.  pairing  state  for  the  high-Tc  [!]• 
Firstly,  the  NMR  relaxation  study  pointed  to  a  possibility 
of  unconventional  superconductivity  in  analogy  with  the  be¬ 
havior  in  the  HF  systems  [2-4] ,  whereas  the  subsequent  ex¬ 
periments  such  as  the  penetration  depth  and  the  Knight  shift 
seemed  to  be  in  agreement  with  an  s-wave  pairing.  Our  sys¬ 
tematic  NMR  studies  on  Zn-doped  YBa2Cu307(YBC07) 
[5]  and  a  single  crystal  Bi2Sr2CaCu208(Bi2212)  [6]  with 
Te  86  --  87  K  revealed  that  impurities  and/or  some  de¬ 
fects  could  actually  either  obscure  or  mimic  the  presence 
of  line  nodes  for  the  pairing  state,  producing  a  finite 
density  of  states  (DOS)  at  the  Fermi  level.  Eventually,  the 
d-wave  model  explained  quantatively  the  NMR  results  that 
the  nonmagnetic  Zn  impurities  in  YBCO7  and  some  defect 
in  Bi2212  induce  the  DOS  in  spite  of  the  slight  Tc  suppres¬ 
sion,  in  case  that  the  impurity  scattering  is  incorporated  in 


terms  of  the  unitarity  limit  [7].  Recent  measurements  of  the 
low-J  penetration  depth  in  the  high  quality  YBCO7  sin¬ 
gle  crystal  show  a  linear  dependence  characteristic  of  line 
nodes  [8],  and  then  by  controlling  impurity  content  of  Zn, 
the  same  trend  as  the  NMR  results  has  been  found  for  the 
penetration  depth  results  as  well,  demonstrating  that  the 
earlier  measurements  are  more  or  less  affected  by  impurity 
contributions  at  low-T.  There  are  further  experimental  evi¬ 
dences  from  angle-resolved  measurements  by  photoemission 
[9]  and  Ramman  scattering  [10]  that  the  energy  gap  function 
is  anisotropic  in  the  momentum  space.  Above  all  measure¬ 
ments  do  not,  however,  probe  a  sign  change  of  the  OP  be¬ 
tween  the  a-  and  b-direction  inherent  to  the  symme¬ 
try,  whereas  measurements  of  the  phase  coherence  such  as 
dc  SQUIDs  [1 1]  and  flux  quantization  [12]  on  YBCO7  have 
exhibited  a  sign  change  of  the  OP,  excluding  an  anisotropic 
s-wave  state  [13].  When  these  types  of  experiments  reach 
the  consensus,  it  would  be  established  that  YBCO7  has  the 
djc2_^  symmetry.  For  another  route  to  identify  the  symme¬ 
try  of  the  OP  in  general,  we  note  that  the  impurity  effects 
can  be  sensitive  to  a  sign  change  of  the  OP  as  argued  by 
several  authors  [14-16].  The  case  of  the  was  con¬ 

trasted  with  an  ASW  gap  if  the  phase  of  an  s-wave  OP 
does  not  change  sign.  So  far,  the  appearance  of  magnetic 
moments  induced  by  nonmagnetic  impurities  in  the  under¬ 
doped  high  Tc  systems  [17,18]  make  it  difficult  to  apply  the 
argument  for  the  Zn-doped  YBCO7  and  Bi2212  system  in 
general.  Recent  NMR  study  for  the  A1  impurity  site  enables 
us  to  estimate  quantitatively  the  magnetic  coupling  between 
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trace  of  To  suppression  by  induced  moments  [19].  We  con¬ 
clude  that  the  impurity  effect  is  most  consistent  with  the 
d-wave  pairing,  but  in  serious  discrepancy  with  an  ASW  if 
the  sign  of  the  OP  is  largely  unchanged. 


2.  HEAVY  FERMION  SUPERCONDUCITVITY 

UPd2Al3  is  an  antiferromagnetic  superconductor  of  To 
=2  K  with  a  rather  moderate  mass  renormalization,  i.e.  the 
T-linear  coefficient  of  specific  heat  y  =  150  mJ/(mole.K^), 
which  coexists  with  an  antiferromagnetically  ordered  state 
below  7>  =  14.5  K  [20].  The  nuclear-spin-lattice  relaxation 
rate,  ^^(1/Ti)  of  the  high-quality  polycrystalline  UPd2Al3 
with  the  narrowest  Al-NQR  linewidth  of  12  kHz  to  date 
was  measured  in  zero  external  field  by  the  NQR  technique 
[21].  As  shown  in  Fig.  1,  the  T-dependence  of  1/71  obeys 
the  r^-law  down  to  0.15  K,  giving  a  strong  evidence  that 
the  energy  gap  vanishes  along  lines  on  the  Fermi  surface. 
In  UPd2Al3  with  lower  To  =1.75  K  and  larger  FWHM=20 
kHz  than  To  =1.98  K  and  FWHM=12  kHz  of  our  sample, 
a  Ti  r =const.  behavior  emerges  below  0.6  K  as  indicated  by 
a  dash  line  [22]  in  Fig.  1 .  Thus  a  slight  inhomogeneity  in  the 
Al  site  for  the  lower  To  sample  changes  the  anisotropic  gap 
state  with  line  nodes  into  the  gapless  state  with  the  residual 
DOS  at  the  Fermi  level.  Furthermore,  it  is  noteworthy  that 
the  To  reduction  rate,  R  =  ^  against  the 

fraction  of  residual  to  normal  DOS,  ^  “ 

0.23  is  consistent  with  the  prediction(^  =  0.36  for  ^  = 
0.88)  from  the  unitary  scattering  limit  for  the  anisotropic 
superconductivity  with  lines  of  vanishing  gap  as  argued 
extensively  in  the  literature  [23].  Together  with  ^”^A1  spin 
Knight  shift  results  which  decrease  to  nearly  zero,  we  have 
shown  that  the  superconductivity  in  UPd2Al3  is  the  d-wave 
with  lines  of  vanishing  gap  [21]. 


3.  SYMMETRY  OF  THE  ORDER  PARAMETER  IN 
HIGH-Jc  CUPRATE 

In  most  of  the  high-Tc  cuprates,  the  relaxation  behavior 
below  To  is  almost  the  same  [24]  except  for  the  oxygen  de¬ 
ficient  YBCO  and  Y124.  A  universal  feature,  namely,  lack 
of  coherence  peak  of  IIT\  and  a  power-law  like  behavior  at 
low-T  is  reminiscent  of  the  behavior  in  the  HF  systems  (see 
Fig.  1).  An  anisotropic  s-wave  model  was,  however,  sug¬ 
gested  to  be  also  applicable  in  explaining  the  above  unusual 
relaxation  behavior,  but  qualitatively  [25].  Extensive  NMR 
and  NQR  studies  of  the  impurity  effect  on  the  supercon¬ 
ducting  state  in  YBCO7  and  Bi2212  revealed,  however,  that 
the  high-Tc  superconductivity  is  most  consistent  with  the 
d-wave  model  with  line  nodes  at  the  Fermi  surface  [5,6].  In 
particular,  it  was  crucial  evidence  against  the  s-wave  that 
a  single  crystal  Bi2212,  which  shows  no  trace  of  magnetic 
impurities  and  possesses  high  To  of  86  K,  was  the  gapless 


Fig.  1.  7-dependence  of  27(l/7i)  in  UPd2Al3  with  To  =1.98  K. 
Solid  line  shows  7^ -dependence.  Dash  line  indicates  the 
7i7=const.  law  for  the  lower  To  sample  with  To  =1.75  K  at  low-7 
behavior. 

superconductor  with  a  DOS  at  the  Fermi  level.  This  is  be¬ 
cause  such  a  gapless  state  is  not  possible  in  an  anisotropic 
s-wave  except  for  impurity  concentrations  so  large  as  to 
nearly  destroy  the  superconductivity  in  the  case  where  the 
OP  does  not  change  sign. 

Nevertheless  it  makes  the  impurity  effect  complicated  that 
the  nonmagnetic  impurities  induce  magnetic  moments  in 
the  CUO2  plane  in  the  underdoped  systems  such  as  LSCO, 
oxygen  deficient  YBCO  and  Y124.  Induced  local  moments 
were  argued  to  play  some  role  in  suppressing  the  To  in 
addition  to  the  potential  scattering  effect.  This  fact  makes 
it  hard  to  apply  the  same  argument  on  the  impurity  effect 
in  YBCO7  and  Bi2212  to  the  underdoped  systems.  In  order 
to  clarify  to  what  extent  the  To  is  suppressed  by  induced 
moments,  the  ^^Al-NMR  study  has  been  made  on  Al-doped 
Lai.85Sro.i5(Cuo.97Alo.o3)04  [19]. 

Figure  2  indicates  the  7 -dependence  of  the  susceptibili¬ 
ties  for  undoped  and  3%  Al-doped  Lai.85Sro.i5Cu04.  It  is  ev¬ 
ident  that  doping  Al  impurity  into  the  CUO2  plane  induces 
local  moments.  The  7 -dependence  of  the  ^^Al  NMR  spec¬ 
trum,  which  is  well  articulated  by  the  electric  quadrupole 
interaction  of  Al  nuclei  (7  =  5/2),  allows  us  to  extract  the 
7-dependence  of  ^'^Al  Knight  shift,  '^'^K(T)  precisely.  Since 
^^K(7)  is  proportional  to  the  susceptibility  associated  with 
induced  moments,  the  transferred  hyperfine  coupling  con¬ 
stant,  Ahf{A\)  with  induced  moments  at  nearest  neighbor 
Cu  sites  was  estimated  to  be  16.5  kOe/^5.  Hence,  measure¬ 
ment  of  the  ^"^Al  nuclear  relaxation  rate,  ^'^(l/7i)  provides 
a  direct  estimation  of  the  magnetic  relaxation  rate,  1/Tobs 
of  induced  moments.  Figure  3  shows  the  7 -dependence  of 
^^(l/7i)  (open  circle),  which  decreases  moderately  with  in- 
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Fig.  2.  T-dependence  of  susceptibilities  for  undoped  and  Al-3% 
doped  Lai.85Sro,i5Cu04. 


T(K) 


Fig.  3 .  r-dependence  of  ( 1  /  7i )  for  impurity  A1  in 
Lai.85Sro.i5(Cuo.97  A1o.03)04  .  Solid  circle  indicates  the  T- 
dependence  ^^(1/Ti)  for  the  host  ^^Cu.  Dash  line  corresponds  to 
the  (l/7i)  of  ^^Cu  dominated  by  induced  moments  in  nearest 
neighbor  Cu  sites  around  A1  impurities  (see  text). 


creasing  temperature.  The  magnetic  relaxation  rate,  1/Tobs 
of  induced  moments  can  be  estimated  from  the  relation 

a7(i/r,)  ^  ^--Tobs(r) 

with  y4/,/(Al)=16.5  kOe/^i^  and  gS'eff=0.14,  the  magnitude 
of  induced  moments  per  one  Cu  site.  Furthermore,  by  us¬ 
ing  Tobs(^)  and  the  on-site  hyperfine  coupling  constant  be¬ 
tween  the  Cu  nuclei  and  induced  moments,  the  (1  /  Ti )  for 
the  Cu  sites  with  induced  moments  around  A1  impurity  is 
indicated  by  dashed  line  in  Fig.  3  together  with  the  7i  data 
(closed  circle)  for  host  Cu  nuclei  dominated  by  AF  spin 
fluctuations.  A  difference  is  clear,  showing  that  1/Tobs  of  iii" 
duced  moments  is  isolated  from  AF  spin  fluctuations  for 


Fig.  4.  T-dependences  of  (l/7iD  of  ^^Cu  in  Zn-doped 
YBa2Cu307. 

the  host,  instead  dominated  by  the  exchange  coupling  with 
spin  of  conduction  holes,  (l/Xsd)  and  among  induced  mo¬ 
ments  (1/Tex).  Namely,  the  observed  l/Xobs  is  composed  of 
two  contributions  as 

1  ^  1 

Xobs(^)  Xjflr(T’)  Xex 

where 

—  =  ^J^,N{EpfkBT 
Tsd  ^ 

and  Xex  is  independent  of  the  temperature.  Accordingly,  the 
r-dependence  of  Xobs  enables  us  to  extract  quantatively  the 
exchange  coupling,  Jsd  to  be  0.055  and  to  calculate  the  To 
reduction  to  be  ATi  =0.62  K  with  N{Ef)=3.6  states/(eV, 
both  spins)  from  the  formula  of 

n^ni^^N(EF)J^iS{S  +  1) 

~  kB 

according  to  the  AG  theory.  A  magnetic  scattering  rate, 
Fj  =  0.4  X  lO""^  eV  is  two  orders  of  magnitude  smaller  than 
a  total  scattering  rate,  Fobs  =  30  x  10“^gF  expected  from  the 
experiment.  Apparently,  the  magnetic  scattering  mechanism 
of  holes  by  induced  moments  is  not  the  cause  of  the  To 
suppression. 

Next,  we  argue  quantitatively  the  potential  scattering  ef¬ 
fect  by  Zn  impurity  in  YBCO7.  In  order  to  extract  the  po¬ 
tential  scattering  rate,  T„  by  Zn  single  impurity,  we  have 
carried  out  a  systematic  measurement  of  ^^(l/Ti)  of  ^^Cu 
at  low-T  and  zero  field  for  YBa2(Cui-xZnx)307  slightly 
doped  with  x  =  0.0025  and  0.005.  In  Fig.  4  are  shown 
the  r-dependences  of  ^^  ( 1  /  Ti  T )  measured  by  the  Cu-NQR 
method  in  zero  field  together  with  the  data  reported  previ¬ 
ously  [5]. 

The  Ti  r=const.  law  observed  for  x  =  0.0025  and  0.005 
well  below  To  demonstrates  directly  that  a  DOS  is  induced 
at  the  Fermi  level  in  the  superconducting  state.  It  is  note¬ 
worthy  that  Cu  nuclei  away  from  the  Zn  impurity  show 
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T\  T =const.  law,  namely  the  low-lying  excitation  in  the  su¬ 
perconducting  state  is  in  a  gapless  regime.  Furthermore, 
we  note  that  the  relaxation  behavior  at  low-F  for  the  un¬ 
doped  YBCO7  is  more  or  less  affected  by  inherent  impurites 
and/or  imperfections.  It  has,  furthermore,  been  foimd  that 
in  proportion  to  a  DOS,  A^res  increases  follow¬ 
ing  a  relation  of  A^res  A  fraction  ^  of  a  DOS 

normalized  at  the  value  in  the  normal  state, 


is  derived  as  a  function  of  the  pair-breaking  parameter, 
a  defined  as  a  =  for  the  case  of  unitarity  limit  for 
the  dx2-^  pairing  state  [26].  Figure  5(a)  indicates  the  im- 
purity  content  (wimp)  dependence  of  Ares/A^o  extracted  from 

a/  (rlr)^ .  From  a  fit  of  the  data  for  nimp  <  0.01  to  a  theo¬ 
retical  calculation  indicated  by  solid  line,  the  potential  scat¬ 
tering  rate.  To  =  =  2.34^^^  is  obtained.  For  instance, 

To  =  7  X  lO""*  eV  is  obtained  for  Wimp  =  0.01  with  2Ao  = 
SkgTc,  being  more  than  one  order  of  magnitude  larger  than 
the  magnetic  scattering  rate,rj  estimated  above.  Further¬ 
more,  by  using  the  experimental  relation  of  To  =  2.34«inip  an 
initial  slope  of  the  Tc  reduction  is  quantitatively  evaluated 
to  be  ^  =  7.35nimp  as  a  function  of  the  Zn  impurity  con¬ 
tent,  Wimp.  As  indicated  in  Fig.  5(b),  ATdTco  ~  7.35wimp  is 
comparable  to  that  obtained  by  Monthoux  and  Pines  from 
No  deduced  from  the  spin  susceptibility  above  To  [27].  For 
YBCO7,  we  found  that  a  small  concentration  Zn  impurity 
alters  significantly  the  low  frequency  spin  dynamics  mea¬ 
sured  by  the  Cu  spin  lattice  relaxation  rates  at  sites  near 
the  Zn  impurity,  namely,  a  substitution  of  Zn  destroys  the 
short  range  antiferromagnetic  (AF)  spin  correlation  locally 
[5].  On  the  other  hand  it  should  be  noted  that  for  magnetic 
Ni-doped  YBCO7  and  a  single  crystal  Bi2212  where  some 
defects  cause  the  gapless  superconductivity  with  a  DOS  at 
the  Fermi  level,  any  changes  of  low  frequency  spin  dynam¬ 
ics  do  not  take  place.  Therefore,  it  seems  to  be  natural  that 
the  larger  To  reduction  than  the  unitarity  limit  is  relevant  to 
the  local  suppression  of  the  AF  spin  correlation.  Actually 
Monthoux  and  Pines  pointed  out  that  Zn  is  a  super  unitar¬ 
ity”  scatterer  in  which  it  does  more  than  act  as  a  potential 
scatterer  and  hence  it  must  change  the  effective  interaction 
responsible  for  superconductivity  [27].  These  experiments 
were  suggested  to  provide  a  “smoking  gun”  for  the  spin- 
fluctuation  exchange  mechanism  in  the  cuprate  supercon¬ 
ductors  [28].  By  assuming  that  Zn  acts  to  destroy  magnetic 
correlation  over  a  distance  of  the  order  of  the  AF  correla¬ 
tion  length,  a  reduction  in  To  comparable  to  that  found 
experimentally  was  obtained  [27].  The  spin-fluctuation  me¬ 
diated  mechanism  which  provides  a  natural  explanation  of 
the  pairing  state  is  the  best  candidate  for  high-Ti 

cuprate  superconductivity  [28]. 


Fig.  5.  (a)  Impurity  content,  Wimp  dependence  of  the  fraction  of 
a  density  of  states  at  the  Fermi  level,  Yres/A^o  estimated  from 


Solid  line  corresponds  to  the  calculation  in  case  of 

unitarity  scattering  for  the  state  (see  text),  (b)  Zn  concen¬ 

tration  dependence  of  To  for  VBCO7.  Solid  line  corresponds  to 
the  reduction  rate  for  the  unitarity  limit. 


4.  CONCLUSIONS 

In  Fig.  6  are  summarized  the  impurity  effect  of  the  super¬ 
conducting  state  in  YBCO7,  Bi2212  and  LSCO,  the  contrast 
between  Zn-  and  Ni-impurity  effects  in  LSCO  is  remark¬ 
able  as  well  as  in  YBCO7  [5].  The  strong  potential  scatter¬ 
ing  causes  the  gapless  superconductivity,  inducing  a  DOS 
at  the  Fermi  level,  even  though  the  To  is  not  reduced  so 
much.  This  unconventional  impurity  effect,  which  is  com¬ 
mon  in  high-Tc  oxides,  can  not  be  understood  in  terms  of 
an  anisotropic  s-wave  model  because  it  is  unexpected  that 
the  OP  of  an  anisotropic  s-wave  changes  its  sign  largely  in 
the  momentum  space  as  in  the  state  [14-16].  The  im¬ 
purity  effect  can  thus  help  to  identify  the  symmetry  of  the 
order  parameter  in  high-Tc  oxides. 
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Fig.  6.  Reduction  rate  of  Tc  normalized  by  Tco  =  93  K  in  YBCO7, 
highest  Tco  =  89  K  reported  so  far  in  Bi2212  and  Tco  =  38  K  in 
LSCO.  (Tc  /Tco)  is  plotted  as  a  function  of  the  fraction  of  DOS, 
(JVres/Ab)  deduced  from  NMR  measurements  in  Zn-  and  Ni-doped 
YBCO7  [5,7],  Bi2212  [6]  and  LSCO  [19]  where  V^es  and  Vo  are 
the  residual  DOS  in  the  superconducting  state  and  the  DOS  in 
the  normal  state,  respectively.  Solid  lines  indicate  the  theoretical 
calculations  based  on  the  dx2-yZ  model  with  line  nodes  [14].  Here 
the  impurity  scattering  is  treated  in  Born  (weak)  and  unitarity 
(strong)  scattering  limits. 
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Abstract — Inelastic  neutron  scattering  experiments  have  been  carried  out  to  investigate  magnetic  fluctuations 
on  YBa2Cu306-i-x  single  crystals  as  well  as  on  YBa2(Cui_^Zn;>,)306-hA:  (y  =  2  %)  single  crystal  for  fully 
oxidized  samples.  Direct  comparaison  of  the  imaginary  part  of  the  magnetic  susceptibility,  x”iQAF.(J^)y  in 
both  systems  has  been  made  possible  using  the  same  experimental  conditions  at  LLB,  Saclay. 


In  cuprates  which  develop  high-Tc  superconductivity,  sub¬ 
stitution  of  copper  atoms  by  zinc  atoms  is  the  one  which  re¬ 
duces  the  most  strongly  the  superconducting  properties  [1]. 
This  is  why,  among  all  the  impurities  which  affect  the  super¬ 
conducting  state,  this  substitution  by  non-magnetic  atoms 
in  Cu02  plane  has  received  a  considerable  amount  of  at¬ 
tention. 

High-Tc  cuprates  are  also  known  to  display  unusual  mag¬ 
netic  properties.  From  NMR  and  inelastic  neutron  scatter¬ 
ing  (INS)  experiments,  antiferromagnetic  (AF)  fluctuations 
persist  in  the  metallic  and  superconducting  states  of  all  sam¬ 
ples  studied.  In  the  YBa2Cu306-H;c  system,  a  systematic  in¬ 
vestigation  of  magnetic  correlations  has  been  successfully 
performed  by  INS  as  a  function  of  doping  and  temperature 
[2].  Shortly,  as  a  result  of  doping,  antiferromagnetic  fluctu¬ 
ations  are  more  and  more  restricted  over  an  energy  range 
around  30^0  meV  yielding  an  almost  single  excitation  at 
40  meV  in  the  overdoped  state  (x  >  0.94)  [3-5].  Here,  we 
report  on  the  effect  of  zinc  substitution  on  these  dynami¬ 
cal  AF  correlations  in  the  overdoped  regime  of  YBCO.  We 
present  the  imaginary  part  of  the  magnetic  susceptibility  at 
the  AF  wavevector,  as  obtained  by  INS  ex¬ 

periments  on  two  samples  having  the  same  oxygen  content 
(x  -  0.97)  but  with  and  without  zinc  impurities.  Our  data 
clearly  indicate  a  strong  modification  of  the  magnetic  re¬ 
sponse  through  zinc  substitution.  An  additional  contribu¬ 
tion  appears  at  low  energy,  exhibiting  a  maximum  around 

9  meV,  which  therefore  seems  induced  by  the  zinc  impu¬ 
rities  [6]. 

Figure  1  displays  the  imaginary  part  of  the  magnetic 
susceptibility  at  the  antiferromagnetic  wavector  in  the  su¬ 
perconducting  phase  of  zinc  free  and  zinc-doped  YBCO 
samples.  By  the  determination  of  the  c  lattice  parameter, 
both  samples  appear  to  have  the  same  oxygen  concentra¬ 
tion.  The  amount  of  zinc  is  known  from  the  Tc  reduction 


Fig.  1 .  Quantitative  comparison  of  the  imaginary  part  of  the  mag¬ 
netic  susceptibility  as  deduced  from  INS  experiments,  x^iQAF.  co) 
for  zinc-free  sample  (squares)  and  zinc-doped  sample  (circles)  from 
[6].  Details  on  the  determination  of  x'^iQAF.  u))  can  be  found  in  [3] 
for  zinc-free  compound  and  in  [6]  for  the  zinc-substituted  sample. 

which  is  Tc=92.5  K  in  zinc-free  sample  and  Tc=69  K  when 
zinc  is  substituted  to  copper,  yielding  a  zinc  content  of  2% 
per  one  copper  [1].  Both  INS  experiments  have  been  per¬ 
formed  at  Saclay  on  the  same  triple-axis  spectrometer  (2T) 
installed  on  a  thermal  beam.  Details  of  experiments  can  be 
found  in  Refs  [2,3,6].  Here,  one  has  to  stress  that  experi¬ 
mental  conditions  were  the  same  for  both  studies,  allowing 
a  direct  comparison  of  the  magnetic  intensity.  Furthermore, 
we  did  measure  a  longitudinal  acoustic  phonon  in  order  to 
scale  the  magnetic  intensity  of  both  samples.  We  obtained 
a  scaling  factor  in  agreement  with  the  ratio  of  their  volume. 
Therefore,  we  are  able  to  discuss  the  quantitative  change  on 
X''(Qaf,  oo)  due  to  these  2%  non-magnetic  zinc  atoms. 

All  the  observed  magnetic  fluctuations  are  peaked  at  the 
antiferromagnetic  wavevector.  In  zinc-free  sample,  the  mag¬ 
netic  response  is  restricted  over  a  limited  energy  range  (hco 
=  33-46  meV)  in  the  superconducting  state.  Magnetic  fluctu¬ 
ations  are  only  sizeable  above  an  energy  gap,  so-called  spin- 
gap,  located  for  x  =  0.97  at  £(?=33  meV.  The  most  striking 
feature  in  x**(Qaf,  (^)  is  the  resonance  feature  which  is  char- 
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Temperature  (K) 

Fig.  2.  (a)  Temperature  dependence  of  the  neutron  intensity  at  the 
resonance  position  {flcjo=  40  meV)  in  zinc-free  sample  (from  [3]) 
as  compared  with  (b)  the  temperature  dependence  of  the  neutron 
intensity  at  35  meV  in  zinc-substituted  sample.  Squares  and 
dashed  lines  indicate  the  background. 

gap,  located  for  x  =  0.97  at  Eg=33  meV.  The  most  striking 
feature  in  X^'iQAF,  co)  is  the  resonance  feature  which  is  char¬ 
acterized  by  an  enhancement  of  intensity  around  40  meV, 
almost  energy  resolution  limited  and  associated  with  a  re¬ 
duction  of  the  q-width.  Moreover,  the  intensity  at  the  reso¬ 
nance  energy  presents  a  strong  temperature  dependence  in 
the  superconducting  state  (Fig.  2).  In  the  normal  state,  such 
a  feature  completely  vanishes  meaning  unambiguously  that 
it  is  strongly  related  to  the  superconductivity  phenomenon. 
Above  Tc,  as  shown  in  Fig.  2,  there  is  at  this  energy  a  re¬ 
maining  intensity  which  is  correlated  in  q-space.  It  has  been 
previously  mistakenly  attributed  to  magnetic  fluctuations 
[4],  and  actually,  corresponds  to  a  phonon  mode  [3,5]. 

Looking  carefully  at  the  wavevector  and  temperature  de¬ 
pendences  shows  that  is  composed  of  two  dis¬ 

tinct  contributions.  In  addition  to  the  above  mentioned 
resonance,  a  shoulder  around  35  meV  is  clearly  visible  in 
X''iQAF>  (Jo)  response  which  is  characterized  by  a  q-width 
twice  larger  than  the  resonance  q-width  [3].  This  second 
part  of  x''(QAF^  to)  persists  in  the  normal  state.  However, 
in  this  overdoped  state,  this  contribution  is  so  reduced  that 
AF  fluctuations  above  Tc  have  almost  one  order  of  mag¬ 
nitude  smaller  in  intensity  as  compared  to  the  resonance 
peak  at  39  meV  at  low  temperature  [3].  Such  a  conclusion 
can  be  reached  from  the  data  reported  in  the  normal  state 
of  YBCO?  [5].  Additional  work  is  on  progress  to  ascertain 
this  point. 

In  zinc-substituted  sample,  the  second  contribution  re¬ 
mains  in  the  magnetic  response  at  hco  =  35  meV  (Fig.  1). 
Its  temperature  dependence  reveals  no  change  at  the  super¬ 
conducting  temperature  (Fig.  2).  This  behaviour  rules  out 
the  possibility  of  a  renormalization  of  the  resonance  energy 
by  zinc  doping.  In  contrast,  it  seems  more  likely  that  the 


resonance  is  strongly  reduced  in  magnitude  but  remains  lo¬ 
cated  at  the  same  energy  as  suggested  in  Fig.  1 .  Indeed  the 
q-width  measured  at  ?)a)  =  38  meV  is  still  smaller  than  at 
hco  =35  meV  [6],  accordingly.  It  is  also  very  interesting  to 
notice  that  the  magnetic  response  displays  an  inflexion  point 
around  33  meV.  Our  data  clearly  show  in  both  samples  that 
these  is  more  magnetic  intensity  at  35  meV  than  at  30  meV 
[3,6].  In  zinc-free  sample,  such  a  behaviour  is  characteristic 
of  the  opening  of  the  spin-gap  observed  at  the  same  energy 
for  the  same  oxygen  content.  However,  in  contrast  to  pure- 
YBCO  another  antiferromagnetic  contribution  is  sizeable  at 
lower  energy.  This  mainly  points  out  that  the  system  keeps 
a  reminiscence  of  the  spin-gap  phenomenon  upon  zinc  sub¬ 
stitution.  That  may  indicate  that  the  spin-gap  is  strongly 
related  to  the  hole  doping  as  zinc  substitution  is  known  not 
to  affect  the  hole  doping  in  Cu02  plane  [7]. 

As  depicted  in  Fig.  1 ,  antiferromagnetic  fluctuations  oc¬ 
cur  at  low  energy  in  zinc-doped  sample  which  therefore  may 
be  reliably  associated  with  the  presence  of  zinc  impurities. 
This  intensity  is  spread  over  a  large  energy  range,  but  goes 
through  a  maximun  around  9  meV.  Its  wavevector  depen¬ 
dence  can  be  accounted  for  by  a  gaussian  line,  Aq=  0.16 
r.l.u.  [6],  yielding  a  correlation  length  of  g  7  A  after  de- 
convolution  of  the  spectrometer  resolution  fxmction.  This 
low  energy  magnetic  contribution  might  be  linked  to  the 
appearance  of  finite  electronic  density  of  states  at  the  Fermi 
level  due  to  the  zinc  impurities  [8].  Therefore,  this  contribu¬ 
tion  may  originate  from  a  local  suppression  of  the  super¬ 
conducting  gap  in  a  range  related  to  the  above  wavevector 
extension.  Besides,  the  perturbation  of  the  superconducting 
state  has  been  estimated  to  become  significant  in  a  similar 
range  around  zinc  atoms  [8]  for  similar  zinc  content. 

In  summary,  zinc-substitution  induces  marked  modifica¬ 
tions  of  the  dynamical  magnetic  susceptibility  in  the  super¬ 
conducting  state  of  the  overdoped  regime  YBC06.97-  The 
strong  reduction  of  the  resonance  feature  as  well  as  the  ap¬ 
pearance  of  low  energy  excitations  suggest  the  weakening 
of  the  itinerant  nature  of  the  magnetism  in  cuprates  [9].  As 
both  the  superconducting  properties  and  AF  fluctuations 
are  strongly  affected  through  zinc-doping,  the  present  work 
might  indicate  that  magnetic  fluctuations  in  cuprates  is  play¬ 
ing  a  major  role  in  high-Tc  superconductivity  mechanism. 
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Abstract— We  report  ^^Cu  NMR  and  NQR  studies  on  La2-xSrxCu04  and  our  results  of  ^^Cu  Knight  shift 
show  a  progressive  variation  of  the  temperature  dependence  as  a  function  of  x,  for  0.10  <  x  <  0.3125.  These 
results  appear  to  be  consistent  with  the  theoretical  calculations  of  'V  -  7”  model  [Singh  and  Glenister,  Phys. 
Rev.  me,  11871  (1992)]. 


There  has  been  recent  interest  in  the  effects  of  carrier 
concentration  on  metallic  antiferromagnets  partly  due  to  its 
perceived  relevance  to  high  temperature  superconductivity 
[Ij.  The  La2Cu04  system  is  ideal  for  such  studies  since  the 
carrier  concentration  can  be  varied  by  doping.  The  effects 
of  antiferromagnetic  (AF)  spin-correlations  have  been  stud¬ 
ied  extensively  by  Nuclear  Magnetic  Resonance  (NMR)  and 
Nuclear  Quadrupole  Resonance  (NQR)  technique  [2].  Pre¬ 
vious  work  focuses  primarily  on  the  doping  range  of  x  < 
0.20  and  our  knowledge  about  the  higher  doping  materials 
is  rather  limited.  This  is  partly  due  to  the  difficulties  to  pre¬ 
pare  high  quality  La2-xSrxCu04  samples  for  x  >  0.20  since 
the  compound  tends  to  phase  separate.  A  high  temperature 
preparation  method  enables  us  to  obtain  high  quality  and 
homogeneous  samples  up  to  x  =  0.3125  and  to  explore  the 
heavily  doped  regime  of  this  compound. 

The  measured  Knight  shift  for  two  orientations  is  shown 
in  Fig,  1,  for  x=0.2375,  0.2625  and  0.3125.  For  H  ||  C, 
Fig.  lA,  measurements  shown  a  temperature  independent 
shift,  K\\  =  1.20  ±  0.10%,  for  all  samples  with  a  very  wide 
doping  range,  0.10  <  x  <  0.3125.  A  similar  value  of  K\\ 
was  reported  previously  for  La2-xSrxCu04[3]  for  x  <  0.24. 
This  indicates  strongly  that  the  hyperfine  coupling  constants 
of  copper  is  independent  of  the  Sr  concentration  and  the 
character  of  the  electronic  orbitals  is  conserved  across  the 
entire  accessible  phase  diagram.  This  has  been  argued  for 
the  transverse  components  of  the  hyperfine  coupling,  from 
spin-lattice  relaxation  rate  measurements  [4],  for  x  <  0.15. 

Figure  IB  shows  at  H  l.  C,  for  x  =0.2375,  0.2625 
and  0.3125.  Previous  measurements  on  x  =  0.10,  0.16,0.20 
[5]  are  shown  as  lines  for  comparison.  Marked  change  inthe 
temperature  dependence  of  is  observed  at  different  dop¬ 
ing  levels.  Data  from  Ref.  [3]  shows  a  similar  overall  varia¬ 
tion  in  the  temperature  dependence,  although  their  K±  for 
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x=0.20  and  0.24  are  somewhat  lower  than  ours  at  similar 
doping  levels,  likely  due  to  sample  differences.  A  trend  in 
the  doping-dependent  K^T)  is  very  clear:  at  low  doping, 
dK^(T)ldT  >  0,  and  as  x  increases,  the  slope  of  K^T)  de¬ 
creases  and  crosses  over  to  negative.  A  minimum  slope  and 
a  maximum  low  temperature  Kx  are  reached  at  x  «  0.25. 
At  even  higher  doping,  drops  down  and  becomes  tem¬ 
perature  independent,  similar  to  the  case  of  a  conventional 
metal.  This  type  of  behavior  has  been  observed  much  ear¬ 
lier  from  DC  magnetic  susceptibility  measurements  [6]  on 
La2-xSrxCu04,  although  such  data,  in  principle,  may  be 
more  susceptible  to  contributions  from  impurity  phases. 

Our  measurements  of  the  ^^Cu  spin-lattice  relaxation 
rates,  1  /  Ti,  for  x=0.3125  shows  a  linear  temperature  depen¬ 
dence,  l/Ti  oc  r,  below  300  K,  a  general  result  for  metallic 
system  with  Fermi  quasiparticles  as  the  low  energy  excita¬ 
tions.  In  addition,  the  1/71  anisotropy  of  this  compoimd 
is  found  to  be  1.5-2,  which  is  substantially  lower  than  that 
for  the  lower  doping  materials  [4].  This  also  indicates  that 
the  antiferromagnetic  correlationsare  not  important  in  this 
high  doping  level  at  low  temperatures  [7]. 

It  is  interesting  to  consider  the  different  doping  depen¬ 
dence  of  Knight  shift  and  1  /  Ti .  As  shown  in  Fig.  1,  the  low 
temperature  increases  as  x  is  increased  from  low  doping 
and  reaches  a  maximum  around  x=0.2-0.25.  Onthe  other 
hand,  1/71  has  been  observed  to  decrease  monotonically  as 
X  is  increased  [4,3].  1/71  is  an  integral  of  over  the  re¬ 
ciprocal  space  while  K  ocx'  (0) ,  the  real  part  of  the  uniform 
spin  susceptibility.  For  La2-xSrxCu04  and  most  high  Tc  su¬ 
perconductors,  the  main  contribution  to  1  /  Ti  comes  from 
X  around  the  zone  corner  due  to  antiferromagnetic  correla¬ 
tions.  It  might  be  natural  to  consider  the  decrease  in  1  /  Ti 
as  a  function  of  x  to  be  due  to  the  gradual  suppression  of 
antiferromagnetic  correlations  in  this  material  at  high  dop¬ 
ing.  However,  it  appears  necessary  to  study  the  complete 
spin  dynamics  in  order  to  understand  the  behavior  at  long 
wave  length,  such  as  x(0)  [8]. 
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Theoretical  studies  of  the  'H-T'  model  [9]  at  various  hole 
concentrations  have  reported  calculations  of  the  spin  suscep¬ 
tibility  using  a  high  temperature  expansion  technique  [10]. 
Even  though  such  calculations  become  very  difficult  at  tem¬ 
peratures  lower  than  \  j  (/,  the  antiferromagnetic  exchange 
coupling),  it  nevertheless  shows  a  trend  in  the  change  of 
the  temperature  dependence  as  a  function  of  doping  which 
is  consistent  with  our  experimental  findings.  A  summary  of 
Singh  and  Glenister’s  results  [10]  is  the  following,  x  for  var¬ 
ious  dopings  is  found  to  be  independent  of  x  above  the  tem¬ 
perature  J Iks,  and  significant  doping  dependence  appears 
only  at  lower  temperatures.  For  very  low  doping  material, 
p  <  0.1  (p  is  the  hole  concentration),  x  decreases  as  tem¬ 
perature  decreases  similar  to  a  Heisenberg  antiferromagnet. 
When  doping  increases,  the  low  temperature  x  increases.  At 
intermediate  doping,  x  increases  as  temperature  decreases. 
At  higher  doping,  p  >  0.25,  x  is  found  to  decrease  with 
further  doping,  and  be  much  less  temperature  dependent. 
Throughout  the  whole  doping  range,  the  antiferromagnetic 
correlations,  as  determined  by  x(Q^f)  is  the  antifer¬ 
romagnetic  wave  vector),  is  found  to  decrease  continuously 
as  holes  are  doped  into  the  system.  This  overall  picture  of 
the  progressive  change  of  magnetic  propertiesas  a  function 
of  hole  doping  is  qualitatively  consistent  with  our  experi¬ 
mental  results,  however,  it  would  be  desirable  to  extend  such 
calculations  to  lower  temperatures  for  a  quantitative  com¬ 
parison. 

In  summary,  we  have  explored  the  entire  accessible  phase 
diagram  of  La2-xSrxCu04  and  studied  the  spin  susceptibil¬ 
ity  and  its  temperature  dependence.  Study  of  the  spin-lattice 
relaxation  rate  and  Knight  shift  at  higher  temperature  is 
currently  underway  to  further  elucidate  the  spin  dynamics 
in  this  compound. 
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Fig.  1.  ^^Cu  Knight  shift,  (A)  K\\  for  H  ||  C,  and  (B)Kj_  for  H  X 
C,  as  a  function  of  temperature  for  x=0.2375(filled  diamonds), 
0.2625  (filled  squares),  and  0.3125  (filled  circles).  Published  data 
for  x=0.10  (open  circles),  0.15  (crosses)  and  0.20  (pluses)  are  shown 
for  comparison  and  the  lines  are  guides  for  the  eye. 

no  AF  correlations,  their  formula  gives  l/7i  anisotropy  of 
2.5,  much  lower  than  the  value  of  4.0  when  including  AF 
correlations. 

8.  However,  the  observed  doping  dependence  of  the  uniform  spin 
susceptibility  is  inconsistent  with  the  weak  coupling  calculation 
based  on  random  phase  approximation.  See,  for  example,  Bulut 
N.  et  al,  Phys.  Rev.  B41,  1797  (1990);  Lu  J.  P.  et  al,  Phys. 
Rev.  Lett.65,  1445  (1990). 
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Abstract — ^A  complete  set  of  measurements  of  the  anisotropic  penetration  depth  (A^.  A*,  Ac)  of 
YBa2Cu307-5 indicates  that  the  qualitative  behaviour  of  the  superfluid  density  is  the  same  in  both  the 
7^  =  60  K  and  93  K  phases  of  this  material.  The  linear  behaviour  of  A^  and  A^  and  the  relatively  flat 
temperature  dependence  of  Ac  at  lo\v  temperatures  seem  to  depend  little  on  the  oxygen  doping  of  the  CuO 
chains.  The  penetration  depth  is  also  largely  unaffected  by  impurities,  except  for  the  case  of  Zn  doping 
which  quickly  gives  rise  to  gapless  behaviour.  The  surface  resistance  is  strongly  affected  by  both  Ni  and  Zn 
doping  but  only  Zn  changes  the  linear  temperature  dependence  of  Rs  at  low  temperatures. 


Keywords:  High  Tc,  surface  resistance,  penetration  depth. 


1.  INTRODUCTION  2.  ANISOTROPIC  PENETRATION  DEPTH 


Microwave  surface  impedance  studies  are  still  providing  a 
wealth  of  new  information  on  the  superconducting  state 
of  YBa2Cu307_5.  One  of  the  useful  features  of  microwave 
measurements  as  a  probe  of  the  superconducting  state  of 
high  Tc  superconductors  is  that  the  short  coherence  length 
is  actually  an  advantage.  A  coherence  length  that  is  much 
smaller  than  the  London  penetration  depth  (§  A)  guar¬ 
antees  that  the  electrodynamics  at  low  frequency  are  in 
the  local  limit  in  these  materials.  In  this  case  the  surface 
impedance  Zs  =  Rs  +  iYj,  where  is  the  surface  resistance 
and  Xs  is  the  surface  reactance,  is  related  to  the  complex 
conductivity  by  the  relation 


In  the  superconducting  state  at  low  frequencies  (cot  1, 
where  t  is  the  transport  scattering  time)  the  conductivity 
can  be  expressed  as  [1] 

(2) 

The  real  part  is  a  measure  of  absorption  processes,  both  di¬ 
rect  electronic  excitations  and  absorption  by  thermally  ac¬ 
tivated  quasiparticles.  The  imaginary  part  is  the  inductive 
response  of  the  superconducting  condensate.  At  microwave 
frequencies  in  the  superconducting  state  0-2  »  ai  up  to 
temperatures  within  less  than  1  K  of  7;.  Thus  almost  im¬ 
mediately  below  Tc  eqns  (1)  and  (2)  yield  simple  expressions 
in  the  local  limit  for  the  surface  resistance  and  surface  re¬ 
actance: 


„2 

Rs(.T)=  ya)^A^(7’)o-i(a),  D 

(3) 

Xs(T)  =  iJoCoMT). 

(4) 

At  microwave  frequencies  the  temperature  dependence 
of  XsiT)  -  AG(0)  provides  a  direct  measure  of  AA(r)  = 
A(r)  -  A(0)  which,  along  with  far  infrared  measurements 
of  A(0),  can  be  used  to  determine  the  temperature  depen¬ 
dence  of  the  normalized  superfluid  fraction  via  Xs{T)  = 
A^(0)/A^(r).  In  our  measurement  geometry  in  a  supercon¬ 
ducting  split-ring  resonator  at  1  GHz  an  a.c.  magnetic 
field  lying  along  the  a  (or  b)  axis  of  a  plate-like  crystal 
drives  screening  currents  that  run  mainly  in  the  b  (or  a)  di¬ 
rection  with  a  small  contamination  from  the  currents  that 
must  close  the  path  by  running  down  the  edges  in  the  c  di¬ 
rection.  The  effective,  measured  penetration  depth  is  A  A  = 
aA\a,b  +  cAAc,  where  a  is  the  width  of  the  crystal  in  the  ab 
plane  and  c  is  the  thickness  [2].  Although  A^  can  be  quite 
large,  it  usually  does  not  significantly  affect  the  results  in 
thin  (c  5  -  20/im)  crystals.  However,  by  cleaving  a  crystal 
into  narrow  needles  it  is  possible  to  enhance  the  c  axis  con¬ 
tribution,  so  measurements  of  A  A  before  and  after  cleav¬ 
ing  provide  a  means  of  determining  AA^.  Figure  1(a)  shows 
the  results  obtained  by  measuring  AA^  and  AA^  in  a  de- 
twinned  crystal  of  YBa2Cu306.95  (Tc  =  93  K).  The  crystal 
was  subsequently  cleaved  into  five  narrow  blades  in  order 
to  extract  AA^.  The  values  used  for  A(0)  in  the  a,  b  and  c 
directions  were  1600,  1030  and  11,000  A,  respectively  [3,4]. 
The  superfluid  fraction  in  the  a  and  b  directions  are  very 
similar,  both  displaying  the  linear  behaviour  at  low  temper¬ 
atures  that  suggests  the  presence  of  nodes  in  the  energy  gap. 
The  c  axis  behaviour  is  flatter  at  low  temperature,  with  a 
temperature  dependence  that  is  somewhat  faster  than  lin¬ 
ear.  When  scaled  by  Tc  the  results  for  an  oxygen-depleted 
crystal,  YBa2Cu3O6,60  (Tc  =  59  K),  are  strikingly  similar. 
Figure  1(b)  shows  the  superfluid  fraction  in  all  three  di¬ 
rections  obtained  with  the  same  technique  as  that  used  for 
the  optimally  doped  sample.  A(0)  values  of  2000,  1500  and 
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Fig.  1.  The  three  components  of  the  normalized  superfluid  den¬ 
sity  for  (a)  YBa2Cu3  0  6  95  (Tc  =  93.5  K)  and  (b)  YBa2Cu3O6,60 
(,Tc  =  59  K). 


65,000  A  were  used  for  the  a,  b  and  c  directions,  respec¬ 
tively.  The  presence  of  the  nearly  linear  penetration  depth 
in  both  the  a  and  b  directions  at  both  doping  levels  argues 
against  the  chains  being  a  source  of  the  low-lying  states  re¬ 
sponsible  for  this  behaviour. 


3.  IMPURITY  STUDIES 

The  surface  resistance  of  the  high  purity  crystal  shown 
in  Fig.  2  is  shaped  by  three  competing  temperature  depen¬ 
dences  [1].  The  screening  term  w^X^{T)  [see  eqn  (3)]  causes 
the  rapid  drop  in  Rs(T)  below  Tc  as  the  superconducting 
condensate  builds  up.  At  the  same  time  the  inelastic  scat¬ 
tering  of  quasiparticles  collapses  as  the  carriers  condense 
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Fig.  2.  At  3.7  GHz  the  rise  in  Rs  below  75  K  in  a  high  purity 
crystal  of  YBa2Cu306.95  (squares)  is  caused  by  a  rapid  increase  in 
the  scattering  time  below  Tc.  This  rise  in  t  is  only  slightly  affected 
by  2%  Ca  substitution  for  Y  (solid  circles),  but  is  drastically 
suppressed  by  0.75%  (triangles)  and  1.4%  (diamonds)  substitution 
of  Ni  for  Cu. 


[1,6],  which  causes  CJi  to  rise  rapidly  below  leading  to 
the  gradual  rise  in  Rs  below  75  K.  Eventually  t  hits  a  limit 
that  is  highly  sensitive  to  impurities.  In  our  purest  crystals 
the  surface  resistance  stops  rising  near  35  K  and  falls  away 
linearly  with  temperature  as  the  density  of  thermally  excited 
quasiparticles  decreases  with  temperature.  The  addition  of 
impurities  can  strongly  limit  the  increase  in  t,  completely 
suppressing  the  rise  in  Rs  below  75  K.  A  wide  variety  of 
impurities  can  be  doped  into  YBa2Cu307-5,  and  many  of 
them  substitute  preferentially  at  certain  sites  in  the  lattice. 
Substitution  of  2%  Ca  on  the  Y  site  that  lies  between  the 
Cu02  planes  has  only  a  small  effect  on  the  peak  in  Rs.  Ni 
impurities  which  mainly  replace  Cu  in  the  Cu02  planes  have 
a  more  dramatic  effect.  Only  0.75%  substitution  of  Ni  for 
Cu  limits  the  rise  in  the  scattering  time  of  the  thermally  ex¬ 
cited  quasiparticles  enough  to  completely  suppress  the  peak 
in  Rs  [2].  An  even  higher  concentration  of  Ni  increases  the 
overall  magnitude  of  Rs.  Far  infrared  measurements  indi¬ 
cate  that  this  is  due  to  an  increase  in  the  overall  magnitude 
of  A  for  the  sample  with  1.4%  Ni  doping  [5]. 

Although  Ni  impurities  cause  a  large  amount  of  scatter¬ 
ing,  they  do  not  alter  the  linear  temperature  dependence 
of  Rs  at  low  temperatures.  The  only  impurity  that  we  have 
found  to  alter  the  low  temperature  behaviour  is  Zn,  which 
also  substitutes  for  Cu  in  the  Cu02  planes.  As  little  as  0.31% 
Zn  substitution  suppresses  the  peak  in  Rs  and  causes  a 
quadratic  temperature  dependence  at  low  temperatures  [7]. 
The  striking  effect  of  Zn  impurities  is  also  observed  in  the 
behaviour  of  the  penetration  depth  at  low  temperatures.  As 
shown  in  Fig.  3,  neither  Ca  nor  Ni  substitution  significantly 
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Fig.  3.  The  nearly  linear  temperature  dependence  of  AACT)  = 
A(T)  -  A(1.3  K)  is  most  strongly  alfected  by  Zn  impurities  which 
give  rise  to  gapless,  quadratic  behaviour. 

alters  the  linear  temperature  dependence  of  AACT)  at  low 
temperatures,  but  0.31%  Zn  substitution  completely  alters 
the  temperature  dependence  to  quadratic  behaviour  [2,8]. 

4.  CONCLUSIONS 

A  number  of  the  qualitative  features  of  the  surface 
impedance  of  YBa2Cu307-5  are  surprisingly  insensitive  to 
anisotropy,  doping  level,  and  impurity  content.  The  linear 
behaviour  of  the  penetration  depth  is  present  for  currents 
running  both  parallel  and  perpendicular  to  the  CuO  chains 
and  is  largely  unaffected  by  oxygen  doping  level  in  the 
chains,  at  least  for  oxygen  contents  of  6.60  and  6.95.  This 
robustness  of  the  qualitative  features  of  the  a^-plane  pene¬ 
tration  depth,  despite  the  large  anisotropy  in  the  magnitude 
of  A(0)  in  the  a  and  b  directions,  suggests  that  the  low 
energy  excitations  responsible  for  the  linear  penetration 


depth  are  not  associated  with  the  CuO  chains.  The  shape 
of  the  c-axis  penetration  depth,  which  is  relatively  flat  at 
low  temperatures,  changes  slightly  with  oxygen  content, 
becoming  somewhat  flatter  in  the  7^  =  59  K  phase.  This 
change  is  not  very  striking  when  compared  to  the  six-fold 
increase  in  the  magnitude  of  A^  in  the  range  of  oxygen 
doping  studied  here  [4]. 

The  linear  behaviour  of  both  \(T)  and  Rs{T)  at  low 
temperature  is  also  rather  insensitive  to  many  types  of  im¬ 
purities.  The  only  exception  to  this  that  we  have  found  so 
far  is  Zn  substitution  for  Cu  in  the  CuOa  planes,  which 
quickly  gives  rise  to  the  quadratic  temperature  dependence 
expected  for  a  gapless  superconductor.  This  behaviour  sug¬ 
gests  that  Zn  acts  as  a  unitary  scatterer  in  this  system  [10]. 
The  anomalous  effects  of  Zn  doping  are  seen  microscopi¬ 
cally  in  NMR  measurements  where  Zn  has  been  shown  to 
cause  local  suppression  of  the  spin  fluctuations  and  gapless 
behaviour  in  the  Cu02  planes  [9]. 
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Abstract — ^We  present  measurements  of  the  microwave  surface  resistance  Rs  and  the  penetration  depth  A  of 
YiBa2Cu307_5  crystals.  At  low  T,  A(7’)  obeys  a  polynomial  behavior,  while  Rs  displays  a  characteristic 
non-monotonic  T- dependence,  A  detailed  comparison  of  the  experimental  data  is  made  to  a  model  of  d- 
wave  superconductivity  which  includes  both  elastic  and  inelastic  scattering.  While  the  model  reproduces  the 
general  features  of  the  experimental  data,  three  aspects  of  the  parameters  needed  are  worth  noting.  The  elastic 
scattering  rate  required  to  fit  the  data  is  much  smaller  than  measured  from  the  normal  state,  the  scattering 
phase  shifts  have  to  be  close  to  nfl  and  a  strong  coupling  value  of  the  gap  parameter  2A(0)/krc  ~  6  is 
needed.  On  the  experimental  side  the  uncertainties  regarding  the  material  parameters  A(0)  and  Rs,res(0) 
further  complicate  a  quantitative  comparison.  For  one  sample,  Rs,res(0)  agrees  with  the  intrinsic  value  which 
results  from  the  c/-wave  model. 


Keywords:  High  Tc,  surface  resistance,  penetration  depth,  c/-wave  theory 


Microwave  measurements  of  the  surface  impedance  Zs  = 
Rs-i-  iXs  of  superconductors  are  in  principle  capable  of  yield¬ 
ing  a  wealth  of  precise  information  regarding  the  super¬ 
conducting  state,  such  as  the  gap  parameter,  quasiparticle 
density  and  nature  of  scattering.  In  low  Tc  superconductors 
the  BCS  theory  provides  a  remarkably  accurate  description 
of  experimental  data  for  Rs  and  Xs  over  several  orders  of 
magnitude  variation,  including  detailed  effects  of  impurity 
scattering  [1]. 

Recently,  experiments  which  directly  explore  the  order 
parameter  symmetry  suggest  a  order  parameter  [2-4] 
for  high  Tc  superconductors,  although  some  experiments 
which  suggest  a  y-wave  order  parameter  also  exist  [5,6].  It 
is  therefore  useful  to  ask  to  what  extent  a  ^-wave  model 
of  superconductivity  can  describe  the  measured  surface 
impedance  of  the  cuprate  superconductors,  particularly 
YiBa2Cu307_5.  Some  work  has  been  already  initiated  in 
this  regard  [7].  Here  in  this  paper,  we  present  detailed 
results  on  the  microwave  (10  GHz)  surface  impedance  of 
YBa2Cu307-5  crystals.  We  also  compare  the  complete  tem¬ 
perature  dependence  to  numerical  calculations  based  upon 
semi-microscopic  models  of  ^-wave  and  ^-wave  supercon¬ 
ductivity,  including  elastic  as  well  as  inelastic  scattering 
effects. 
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The  measurements  were  carried  out  in  a  specially  de¬ 
signed,  high  sensitivity  Nb  cavity.  The  method  of  measur¬ 
ing  the  surface  impedance  of  superconductors  at  elevated 
temperatures  using  a  “hot  finger'’  cavity  method  was  first 
introduced  by  one  of  the  authors  in  reference  [8],  and  the 
principle  has  been  used  in  a  variety  of  systems  reported  in 
the  literature.  In  the  present  setup,  the  Nb  cavity  is  main¬ 
tained  either  at  4.2  K  or  below  2  K.  The  typical  background 
Qb  of  the  cavity  can  be  as  high  as  10*.  The  surface  resis¬ 
tance  is  measured  from  the  temperature  dependent  Q  using 
R^{T)  =  r  [Q~HT)  -  Qh^T)]  and  the  penetration  depth 
using  AA(r)  ==  ZifiT)  -  fb{T)l  ThQ  geometric  factors 
are  determined  by  the  cavity  mode,  sample  location  and 
the  sample  size.  All  measurements  were  done  in  the  TEou 
mode  with  the  sample  at  the  midpoint  of  the  cavity  axis, 
where  the  microwave  magnetic  fields  have  a  maximum  and 
the  microwave  electric  fields  are  zero.  The  method  enables 
measurement  of  small  crystals  and  thin  film  samples. 

The  crystals  were  grown  in  a  XrO^IY  crucible  using  highly 
pure  Y2O3,  BaC03  and  CuO  powders.  Crystal  growth  took 
place  while  slowly  cooling  the  melt  at  a  rate  of  0.40‘’C/h  in 
the  temperature  range  970°C  to  904°C  and  in  an  atmosphere 
of  100  mbar  O2.  After  the  growth  the  crystals  were  annealed 
in  flowing  oxygen  in  the  temperature  range  600'’ C  to  400'*C 
during  600  h. 

We  start  with  an  analysis  of  the  normal  state  properties  in 
the  hope  to  fix  some  of  the  normal  state  parameters  which 
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Table  1.  Some  sample  properties:  Tc  is  obtained  by  dc- 
measurements  and  agrees  with  the  first  deviation  that  is  observed 
in  small  microwave  fields  as  the  first  deviation  from  the  normal 
state  behavior.  AT©  is  defined  as  the  temperature  interval  between 
10%  and  90%  of  R^{Tc).  5  is  the  oxygen  vacancy. 
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91.0K 
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5 

0.06 

B 

91.5K 

1.5K 
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0.11 
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Fig.  1.  Normal  state  surface  resistance  R^{.T)  for  the 
YBa2Cu307_5  crystals  with  fits  to  eq.  (2).  The  fit  parameters  are 
given  in  table  2. 


Table  2.  Experimental  normal  state  scattering  parameters 


Sample 

PO 

[Qm] 

y 

[Om/K] 

Tel 

[sec 

0£ 

[sec-lR-i] 

A 

5.3 10-’ 

9.1 10-** 

1.1  IQi* 

1.9 10“ 

B 

1.4 10“® 

2.410“* 

2.9 10^* 

0 

0 

the  microwave  resistivity  pn  should  be  the  same  as  the  dc 
resistivity,  which  is  known  to  be  linear.  If  pn  =  po  +  yT, 
then 

i?n  =  ^jcofJoipo  +  yT)/2  (1) 

Figure  1  shows  a  comparison  of  the  experimental  data 
between  100  K  and  200  K  to  the  above  equation.  The  data 
clearly  has  a  sub-linear  T  dependence,  and  the  fit  to  eq.  (1) 
is  extremely  good.  From  the  fit  the  scattering  rate  T  can  be 
obtained  as 

r  =  rei  +  rinei(r)  =rei  +  (xr  (2) 

where  Td  =  po/(2poA(0)^),  and  «  =  y/(2poA(0)^).  Table  2 
gives  these  parameters  for  the  studied  samples  under  the 
assumption  A(0)  =  1400  A. 

Figure  2  displays  the  low  temperature  behavior  of 
for  the  two  samples  of  YiBa2Cu307_5.  Sample  B  shows  a 
characteristic  peak  in  first  reported  by  [9].  This  is  not 
present  in  sample  A,  whose  behavior  is  instead  closer  to 
that  of  thin  films  [10]. 

It  is  evident  that  the  A  vs.  T  data  displayed  in  fig¬ 
ure  4  do  not  show  the  exponential  dependence  AA(r)  oc 
(TdT)^^'^  exp(-A/kr)  expected  for  an  isotropic  ^--wave  su¬ 
perconductor.  Instead  the  data  clearly  have  a  polynomial 
temperature  dependence  with  a  leading  linear  term  [11,12]. 


Fig.  2.  Low  temperature  behavior  of  R^  for  the  YBa2Cu30i_<5 
samples  A  (•)  and  B  (A).  Theoretical  results  are  plotted  for  the 
parameters  given  in  table  3. 


Table  3.  Theoretical  parameter  with  f\{t)  =  0  _  ^  7 
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Finei  [meV] 

2Ao(0)/krc 

A 

dashes 

0.25 

10.86/1(0 

6.4 

dots 

0.20 

10.911* 

6.0 

B 

dash  dot 

0.05 

24.1 5/1(1) 

6.4 

line 

0.05 

24.151* 

7.0 

This,  together  with  the  nonexponential  decrease  of  R^  at 
very  low  temperatures  could  be  taken  as  indication  for  d- 
wave  pairing. 

An  important  prediction  for  any  superconducting  state 
with  nodes  in  the  gap  is  the  presence  of  a  finite  residual  con¬ 
ductivity  CToo  due  to  elastic  scattering  [13,14].  Its  value  de¬ 
pends  on  the  particular  pair  state  and,  if  determined  exper¬ 
imentally,  could  help  to  identify  the  type  of  pairing  present. 
For  the  ^/-wave  state 

=  Ao(r)  cos(20)  (3) 

commonly  studied  for  systems  with  cylindrical  Fermi 
surfaces  of  circular  cross  section  one  has  [13,14]  ctoo  = 
ne'^lmrcAo  at  T  =  OK. 

This  can  be  related  to  ordTc)  by  o'oofo'dTc)  = 
2r(rc)/7rAo.  Using  the  values  21  (Tc)  =  33meV,  and 
2Ao/krc  =  4.3  we  get  crmio-dTc)  ^  1.  Thus  the  residual 
conductivity  is  comparable  to  the  normal  state  conductiv¬ 
ity  at  Tc,  which  is  a  surprisingly  large  value.  Note  that  in 
BCS  the  conductivity  cti  0  as  T  -►0. 

The  relation  to  R^  is  obtained  from  the  limiting  result 
when  (J2  »  (Ti,  whence  R^T  -►  0)  =  a)^^oA(O)^ 0-00/2. 
This  can  also  be  written  as  =  0.5(o'i/a-n)/(cT2/o-n)^^^. 

Since  the  above  relationship  shows  that  o-i/o-n  1,  the  re¬ 
duction  in  Rs  from  its  value  at  is  entirely  due  to  the 
reduction  in  A  from  i.e  to  the  superfiuid  response.  The 
intrinsic  residual  surface  resistance  i^,res(0)  which  results 
from  o-Qo  is  much  smaller  than  the  value  measured  for  sam¬ 
ple  B  but  is  compatible  with  the  low  temperature  data  for 
sample  A. 

Detailed  numerical  calculations  based  on  the  microscopic 
models  for  ^-wave  and  ii-wave  superconductivity  [15-17] 
were  carried  out. 
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With  suitable  choices  for  the  Eliashberg  functions  it  is 
possible  to  fit  the  measured  surface  resistances  within  the 
framework  of  isotropic  strong  coupling  theory  over  a  wide 
range  of  temperature  from  Tc  down  to  0.4  Tc  [17],  highlight¬ 
ing  the  importance  of  inelastic  scattering  processes.  This  is 
consistent  with  earlier  measurements  over  the  same  tem¬ 
perature  range  [18].  However  at  lower  temperatures  the 
isotropic  gap  should  make  its  presence  known  in  the  form  of 
an  exp(-A/kr)  dependence,  which  is  clearly  not  observed 
in  either  Rs  or  AA. 

For  this  reason  we  focus  in  this  paper  on  models  of  d- 
wave  superconductivity,  including  inelastic  scattering.  Here 
we  list  the  main  ingredients  of  the  model  -  details  of  the 
model  are  described  elsewhere  [17].  A  weak-coupling  pair¬ 
ing  interaction  was  suitably  chosen  to  give  the  order 
parameter  AiZIcp),  see  eq.  (3),  The  self-consistency  equa¬ 
tion  for  the  order  parameter  was  solved  to  give  the  tem¬ 
perature  dependence  of  the  amplitude  Ao(7’),  and  which  is 
found  to  be  very  similar  to  that  for  an  isotropic  order  pa¬ 
rameter  except  that  2Ao(0)/krc  =  4.29  rather  than  3.52. 

Elastic  scattering  is  parameterized  by  a  normal  state  scat¬ 
tering  rate  Td  and  a  phase  shift  5n,  which  can  take  any  value 
between  0  (Bom  approximation)  and  7t/2  (Unitary  limit). 
Inelastic  scattering  in  the  superconducting  state  is  parame¬ 
terized  in  the  form 

TinedT)  =  aTcf(t)  (4) 

with  some  function  /  of  the  reduced  temperature  t  =  TITc. 

The  inputs  to  the  calculation  of  the  surface  impedance 
Zs  =  (2i/a-s)^/2  are  then  Id,  5n,  «,  and  f{t).  In  order  to  fit 
the  steep  drop  of  below  Tc  we  have  found  it  necessary 
to  treat  2Ao(0)/krc  as  a  variable  parameter. 

The  surface  impedance  is  not  as  sensitive  to  the  choice 
of  model  parameters  as  is  the  real  part  of  the  conductiv¬ 
ity  CTi,  which  is  also  of  some  intrinsic  interest.  Unfortu¬ 
nately,  the  peak  height  of  the  experimentally  determined 
cri(r,  co)  depends  strongly  on  the  choice  of  the  zero  tem¬ 
perature  penetration  depth  A(0)  while  the  low  temperature 
behavior  of  a\  can  be  changed  substantially  by  subtracting 
from  the  measured  surface  resistance  R^  a  residual  loss  R^ 
[9].  The  choice  of  R^  is  limited  by  the  consideration  that 
ai(T  =  0,cjo)  should  neither  be  negative  nor  should  it  ex¬ 
ceed  ai(Tc.  co)  by  a  wide  margin.  With  these  restrictions  we 
find  =  0.15  mO  for  sample  B  while  for  sample  A  is 
negligible. 

The  peak  heights  in  cri  are  reduced  when  larger  val¬ 
ues  for  A(0)  are  selected.  We  have  chosen  A(0)  such  that 
the  experimental  Xs  is  linear  over  as  large  a  temperature 
range  below  Tc  as  possible.  This  gives  A(0)  =  1800  A  and 
C7{"^(r,  co)  =  30[mQcm]”^  for  sample  A  and  A(0)  = 
2000 A  and  co)  =  42  [rnflcrn]"^  for  sample  B. 

Experimental  results  for  cri  are  shown  in  figure  3.  In  the 
presence  of  purely  inelastic  scattering  a  peak  in  a i  should 
occur  near  (jol2T(T)  =  1.  This  peak  is  thus  expected  to 
shift  to  higher  temperatures  as  the  frequency  is  increased 
and  to  lower  temperatures  when  the  overall  magnitude  a 


Fig.  3.  Real  part  a*i  of  the  measured  conductivity  and  theoretical 
behavior  (lines).  The  parameters  are  given  in  table  3. 

(eq.  (2)  and  (4))  of  the  scattering  rate  is  increased.  For /(/)  = 
{t)  =  ^iiich  has  been  suggested  by  Bonn  et  al 

[9]  and  which  is  close  to  the  result  from  the  Nested  Fermi 
Liquid  model  [19,17],  the  peak  in  a\  occurs  near  10  K  with 
the  peak  height  greatly  exceeding  the  experimental  value. 
This  observation,  taken  together  with  the  normal  state  data, 
shows  that  elastic  scattering  needs  to  be  taken  into  account. 
When  Fei  given  in  table  2  is  used  as  input  parameter,  the 
peak  in  a\  is  greatly  reduced.  In  the  Born  approximation 
CTi  rises  very  steeply  from  its  limiting  value  aoo  so  that  the 
peak  is  still  located  at  too  low  a  temperature.  In  the  unitary 
limit  a  peak  is  barely  observable.  In  order  to  reproduce  the 
experimental  results,  Td  has  to  be  chosen  much  smaller  than 
the  analysis  of  normal  state  data  would  suggest.  Figure  3 
contains  a  reasonably  close  fit  to  the  cr i  data.  The  fit  cannot 
be  improved  by  varying  the  phase  shift  5n-  Reducing  5n 
from  0.5tt  shifts  some  of  the  weight  of  the  peak  shown 
in  figure  3  to  the  temperature  at  which  the  peak  occurs  in 
the  Bom  approximation.  At  around  5n  =  0.35Tr,  (T\(T) 
acquires  a  distinct  double  peak  structure  not  compatible 
with  the  data.  We  conclude  that  the  phase  shift  must  be 
close  to  the  unitary  limit  0.457T  <  5^  <  0.57T. 

The  only  way  to  improve  the  fit  would  be  to  choose 
different  temperature  dependencies  for  Finei  with  f(t)  de¬ 
creasing  faster  then  f\{t)  =  -  e-'^  for  sample  B  and 

more  slowly  for  sample  A.  Even  though  the  two  samples 
differ  in  oxygen  contents  (table  1)  and  by  a  factor  of  four 
in  thickness,  it  does  not  seem  plausible  that  intrinsic  scat¬ 
tering  events  in  the  two  samples  should  differ  significantly 
in  their  temperature  dependencies.  A  more  likely  source  for 
this  discrepancy  is  a  temperature  dependence  of  the  *Tesid- 
ual”  surface  resistance  Rs,res(0  [20].  Models  have  been  put 
forward  to  explain  Rs,res(T)  by  weak  links  and  relate  them 
to  po  [21]. 

The  theoretical  surface  resistance  for  the  same  model  pa¬ 
rameters  as  those  used  to  calculate  (J\  is  shown  in  figure  2. 
In  the  case  of  sample  B  the  phenomenological  residual  re¬ 
sistance  Rs,res(0)  =  0.15mQ  has  been  added.  Note  the  in¬ 
trinsic  residual  surface  resistance  in  the  case  of  sample  A. 
To  fit  the  data  near  Tc  we  had  to  increase  2Ao(0)/krc  to  6.4. 
This  is  substantially  larger  than  the  weak  coupling  value 
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Fig.  4.  Low  temperature  data  and  theory  of  A(T).  Theoretical 
curves  are  obtained  with  the  parameters  of  table  3. 


Fig.  5.  Superfluid  density  of  sample  A.  Dashed  and  doted  lines 
are  obtained  with  the  parameters  of  table  3, 

4.29,  which  has  important  implications  for  conclusions  re¬ 
garding  fluctuations.  The  overall  fit  to  the  data  is  very  good, 
showing  the  same  small  discrepancies  already  apparent  in 
figure  3. 

The  case  for  fi?-wave  pairing  would  be  strengthened  con¬ 
siderably  if  we  could  fit  the  shift  in  penetration  depth  equally 
well  using  exactly  the  same  model.  Experimental  and  theo¬ 
retical  results  are  compared  in  figure  4.  Clearly,  the  agree¬ 
ment  is  less  than  satisfactory.  Note  that  the  calculated  A  A  is 
by  no  means  linear,  although  a  polynomial  fit  in  a  limited 
temperature  range  can  certainly  be  found.  The  agreement 
could  be  much  improved  by  choosing  different  temperature 
dependencies  for  Tinei-  A  good  fit  for  sample  A  is  obtained 
with  f2(t)  =  t^,  see  figure  4.  Decreasing  2Ao(0)/krc  sub¬ 
stantially  would  also  improve  agreement  in  the  case  of  AA 
but  would  lead  to  serious  discrepancies  in  the  case  of 

In  figure  5  the  penetration  depth  for  sample  A  is  plotted 
over  the  whole  temperature  range  in  the  form  of  the  super¬ 
fluid  density  (A(0)/A(r))^.  For  such  a  plot,  it  is  necessary 
to  assume  a  value  of  A(0)  and  this  figure  shows  the  vari¬ 
ation  of  (A(0)/A(r))^  resulting  from  different  choices  of 
A(0).  By  varying  A(0)  one  can  actually  change  the  sign  of 
the  curvature  of  A^(r))  near  Tc.  It  is  obvious  that  near  Tc, 
since  a  straight  line  fits  the  data  pretty  well,  the  behavior 
is  described  quite  well  by  a  (1  -  dependence  with 

Tc  =  88  K.  The  exponent  agrees  with  a  mean-field  behavior 


of  the  order  parameter,  in  contrast  to  the  3-D  XY  behavior 
observed  by  ref.  [22]. 

Our  fif-wave  calculations  give  a  positive  curvature  for 
1/A^(r)  near  Ti,  indicating  a  behavior  which  is  slower  than 
mean-field,  Le.  K(T)  -►  (1  -  0^,  where  v  >  1/2.  This  is 
possibly  an  artifact  of  the  calculation  because  the  total  scat¬ 
tering  rate  (eq.  (2))  at  Ti  is  such  that  Tc  should  be  substan¬ 
tially  suppressed  according  to  weak  coupling  theory.  This 
would  lead  to  noticeably  different  Ti’s  for  the  two  samples. 
Since  the  Tc’s  are  practically  the  same,  we  did  not  include 
scattering  in  the  selfconsistency  equation.  Strong  inelastic 
scattering  probably  has  to  be  treated  within  the  framework 
of  an  anisotropic  strong  coupling  theory,  which  could  also 
solve  the  problem  of  the  large  value  for  2Ao(0)/k7i  we  had 
to  assume. 

,  In  spite  of  the  remaining  discrepancies,  some  of  which 
may  be  due  to  contributions  from  the  c-axis  conductivity 
which  has  not  been  included  in  the  calculations,  d-wave  pair¬ 
ing  seems  to  provide  an  adequate  model  for  understanding 
features  seen  in  YBa2Cu307-5  crystals.  The  main  features 
of  the  data  appear  to  be  reproduced,  although  a  detailed 
microscopic  justification  of  the  needed  parameters  is  not  yet 
available.  We  should  remark  that  although  we  have  consid¬ 
ered  an  explicit  fi?-wave  model,  the  essential  feature  is  that 
of  nodes  in  the  gap  leading  to  low  lying  quasiparticle  exci¬ 
tations  at  all  temperatures. 
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Abstract — ^We  review  the  work  aimed  at  identifying  the  Fermi  surface  of  high-Tc  superconducting  oxides 
using  positron  2D-ACAR  technique.  We  also  present  our  recent  observation  of  the  pillbox  in  YBa2Cu307-5 
and  the  first  identification  of  Fermi  surface  signals  in  'Hdi-xCcxCuO^s  obtained  by  2D-ACAR. 


1.  INTRODUCTION 

Positron  2D-ACAR  (two-dimensional  angular  correlation 
of  the  annihilation  radiation)  is,  with  photoemission  and 
de  Haas-van  Alphen,  one  method  allowing  experimental 
determination  of  the  Fermi  surface.  2D-ACAR  measures 
projections  N{px,  py)  of  the  electronic  momentum  density 
(p)  sampled  by  positrons: 

Nip,:,  Py)  =  J  dp,p^^ip)  (1) 

In  the  independent  particle  approximation,  (p)  is  given 
by: 

p^^(p)  =  const  •  X  I  [ cirexpE-Zp  •  r](//-y(r)(/;+  {r)|^  ,  (2) 

where  (p-y  (r)  and  (//+  (r)  are  the  electron  and  positron  states. 
As  the  sum  runs  over  occupied  electronic  states,  p^^(p),  and 
consequently  the  measured  quantity  N{px,  py)y  reflect  dis¬ 
continuities  at  the  Fermi  surface.  The  observation  of  very 
fine  breaks  was  recently  possible,  thanks  to  major  develop¬ 
ments  in  the  data  analysis  [1].  Let  us  mention  linear  and 
non-linear  filters  [2]  and  enhancement  of  Fermi  surface  im¬ 
ages  [3]  in  this  connection. 


2.  FERMI  SURFACE  STUDIES  BY  2D-ACAR 

2.1.  YBaiCuyOT-s 

Band  structure  calculations  [4]  predict  a  Fermi  surface 
made  of  four  principal  sheets:  the  ridge,  due  to  electronic 
states  of  the  CuO  chains,  two  barrels  due  to  Cu02  planes  and 
a  pillbox  from  the  chains  and  apical  oxygens.  LDA  calcula¬ 
tions  have  also  shown  [5]  that  positrons  are  in  delocalized 
states  between  the  chains,  such  that  electronic  states  of  the 
Cu02  planes  are  difficult  to  probe  with  2D-ACAR  in  this 
system.  The  search  for  the  Fermi  surface  in  YBa2Cu307-5 
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Fig.  1.  Fermi  surface  of  YBa2Cu307-(5  [4].  The  thick  lines  are  the 
2D-ACAR  results  [12]. 


by  2D-ACAR  was  successful  as  soon  as  untwinned  samples 
became  available.  The  ridge  was  observed  first  by  Haghighi 
et  al  [6],  and  soon  confirmed  by  two  other  independent 
measurements  [7,8].  These  early  measurements  have  since 
been  improved  upon  and  a  substantial  amount  of  work  has 
been  done  to  precisely  characterize  the  ridge  [9,10].  Ob¬ 
served  in  Brillouin  zones  as  high  as  the  4th  [1 1]  (in  this  high 
momentum  region,  the  ridge  signal,  although  weak,  is  free 
of  wavefunction  effects  and  thus  provides  extremely  con¬ 
vincing  evidence),  there  is  nowadays  a  general  agreement 
about  the  existence  of  this  piece  of  the  Fermi  surface.  It  is 
worth  mentioning  that  only  2D-ACAR  measurements  have 
allowed  the  determination  of  the  ridge  until  now.  In  photoe¬ 
mission,  the  signals  are  mixed  with  those  of  the  square-like 
barrels  originating  from  the  Cu02  planes.  Moreover,  the  cy¬ 
clotron  effective  mass  of  the  ridge  electrons  is  so  high  that 
they  are  not  detected  by  de  Haas-van  Alphen  experiments. 
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Another  piece  of  the  Fermi  surface  predicted  by  band 
structure  is  the  pillbox,  centered  at  the  S-point  of  the  Bril- 
louin  zone.  Despite  previous  results  [7],  to  our  point  of  view 
no  clear  evidence  for  the  pillbox  had  been  reported  with 
2D-ACAR  until  we  recently  performed  measurements  at 
high  temperatures  [12],  as  positron  lifetime  measurements 
indicate  that  in  these  conditions  positrons  are  delocalized 
whereas  at  lower  temperatures  there  is  a  substantial  trap¬ 
ping  by  oxygen  vacancies.  Above  400  K,  the  pillbox  can  be 
clearly  observed.  Figure  1  shows  the  topology  of  this  sheet 
as  well  as  the  ridge  and  band  structure  results. 

The  change  of  the  Fermi  surface  with  5  in  YBa2Cu307-5 
has  also  been  studied  [10].  It  has  been  found  that  the  shape 
of  the  ridge  is  stable.  The  intensity  of  the  related  signals  in 
the  2D-ACAR  however  decreases  when  6  increases.  This 
suggests  the  existence  of  at  least  two  ordered  phases  whose 
relative  abundance  varies  with  5  [13].  When  the  concentra¬ 
tion  of  the  0?  phase  decreases,  the  signal  from  the  ridge 
decreases  too.  This  model,  which  supposes  that  the  second 
phase  does  not  provide  a  Fermi  surface  signal,  is  in  agree¬ 
ment  with  neutron  diffraction  experiments  [14]. 

2.2.  Substitutions  and  alloying  in  YBaiCuzOq-s 

2D-ACAR  measurements  have  been  made  when  Y  is  sub¬ 
stituted  by  rare  earths  [15].  We  observe  the  ridge  in  Y-,  Ho- 
and  Dy-  based  metallic  compounds.  In  the  insulating  com¬ 
pound  PrBa2Cu307-5,  we  have  also  identified  an  unam¬ 
biguous  signal  from  a  r/^ge-like  Fermi  surface.  We  conclude 
that,  microscopically,  pieces  of  CuO  chains  remain  conduc¬ 
tive  and  that  the  macroscopic  insulating  behaviour  must  be 
explained  differently.  Our  observation  is  in  accord  with  the 
conclusions  reached  by  Fehrenbacher  and  Rice  [16]  who  as¬ 
cribe  the  inhibition  of  the  conductivity  to  the  existence  of 
a  local  4f  Pr^^  hybridized  state  which  binds  doped  holes 
to  Pr  sites  and  may  also  act  as  a  magnetic  pair-breaker. 
Also,  in  agreement  with  these  authors,  we  conclude  that  the 
dc  conductivity  is  very  sensitive  to  vacancies  and  impuri¬ 
ties.  It  can  be  easily  blocked  by  a  small  amount  of  disor¬ 


der  along  the  chains.  Another  observation  we  have  made 
on  PrBa2Cu307-5  is  the  absence  of  the  pillbox,  in  agree¬ 
ment  with  band  structure  calculations  [17].  The  difference 
with  YBa2Cu307-5  is  probably  related  to  the  position  of 
the  apical  oxygen  which  has  been  found  to  be  at  a  reduced 
distance  of  the  Cu(2)  site  [18]. 

In  alloys  YBa2(Cui_xTjc)307-6  with  T  =  Ni,  Al  and  Zn, 
we  have  studied  how  the  Fermi  surface  changes  with  the 
alloying  process  [19].  We  conclude  that  Al  atoms  substitute 
Cu  in  the  chains,  killing  the  ridge  without  substantial  ef¬ 
fect  on  Tc .  This  Fermi  surface  is  not  affected  by  Ni  or  Zn 
substitutions,  while  Tc  is  strongly  reduced.  This  is  in  agree¬ 
ment  with  the  general  belief  that  these  two  atoms  substitute 
Cu  on  the  Cu02  planes.  The  correlation  we  have  observed 
between  Tc  and  the  ridge  confirms  that  superconductivity 
originates  from  Cu02  planes.  It  is  therefore  important  to 
turn  now  to  compounds  where  positrons  probe  these  Cu02 
planes. 

2.3.  Ni/2-x^^JcCM04-g 

In  ^di-xCexCuO/^s-,  positrons  are  evenly  distributed  in 
the  unit  cell  [20].  Therefore,  2D-ACAR  is  suited  for  the  in¬ 
vestigation  of  the  electronic  states  of  the  Cu02  planes.  Nev¬ 
ertheless,  previous  measurements  [20]  performed  at  10  K 
have  not  revealed  any  Fermi  surface  signature.  We  have  re¬ 
cently  performed  new  2D-ACAR  measurements  at  400  K, 
to  minimize  the  possible  localisation  of  positrons  at  low 
temperatures,  as  found  in  YBa2Cu307_<5  [12].  Comparing 
the  results  at  the  two  temperatures,  we  see  that,  indeed, 
a  substantial  amount  of  trapping  occurs  at  low  tempera¬ 
ture.  It  is  nevertheless  difficult  to  affirm  that  data  at  400  K 
do  not  contain  any  contributions  from  trapped  positrons. 
However,  the  result  is  very  encouraging.  It  is  shown  in  Fig¬ 
ure  2  together  with  the  theoretical  picture  obtained  using 
the  LMTO  band  structure  and  gradient  corrections  for  the 
enhancement  of  the  electron-positron  annihilation  [21].  This 
is  the  first  evidence  obtained  using  2D-ACAR  for  a  Fermi 
surface  in  ^di-xCexCuO^s^ 
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2.4.  Other  high^Tc  superconducting  oxides 

Howell  et  al  have  performed  a  combined  experimen¬ 
tal  and  theoretical  study  of  the  effects  of  doping  on  the 
electronic  structure  of  La2-jtSrjcCu04  [22]  .  They  found 
strong  effects  of  the  positron  -  electron  wavefunction  over¬ 
lap  in  their  data,  in  agreement  with  theoretical  calculations. 
They  also  found  discontinuities  in  the  2D-ACAR  from  Sr 
doped  samples  consistent  with  the  presence  of  a  Fermi  sur¬ 
face.  Their  study  of  the  changes  in  the  electron  momen¬ 
tum  density  with  increasing  Sr  doping  is  one  of  the  most 
elaborate  until  now.  As  for  the  Y-based  compounds  and 
^di-xCexCuOA-s,  the  general  conclusion  is  that  experimen¬ 
tal  Fermi  surfaces  of  La2-;cSr;cCu04  agree  fairly  well  with 
results  of  band  structure  calculations.  The  same  group  has 
recently  studied  the  32  K  superconductor  Bai_;cKjcBi03  [23] 
and  has  identified  a  roughly  cubic  Fermi  surface  centered 
around  F,  in  excellent  agreement  with  that  predicted  by  the 
band  structure  calculations. 

Finally,  it  is  worth  mentioning  two  cases  where  the  ex¬ 
perimental  results  are  yet  unclear.  The  first  is  Tl2Ba2Cu06. 
Although  it  should  be  a  good  candidate  to  study  the  Fermi 
surface  related  to  the  Cu02  planes,  the  first  2D-ACAR  re¬ 
sults  obtained  [24]  seem  to  be  lacking  in  Fermi  surface 
breaks.  This  might  be  related  to  the  quality  of  the  crys¬ 
tals.  If  so,  perhaps  the  Fermi  surface  will  be  observable  in 
the  future  with  better  quality  crystals.  We  have  to  remem¬ 
ber  how  critical  the  quality  of  the  single  crystals  has  in 
the  study  of  YBa2Cu307-5.  Accordingly,  progress  in  crystal 
quality  in  Tl2Ba2Cu06  is  needed  before  a  clear  statement 
can  be  made  regarding  the  Fermi  surface.  The  second  case  is 
Bi2Sr2CaCu208-A:.  In  this  compound,  the  momentum  den¬ 
sity  suffers  from  an  extra  complication  —  the  superlattice 
modulation  along  the  b-axis  of  the  Bi02  layers.  Subtraction 
techniques  to  get  rid  of  these  effects  have  been  applied  to 
2D-ACAR  [25],  and  lead  to  an  electron-positron  momen¬ 
tum  distribution  nevertheless  consistent  with  the  Cu02  and 
Bi02  Fermi  surfaces  derived  from  band  theory.  In  another 
approach  [26],  Mijnarends  et  al  have  shown  how  the  in¬ 
commensurate  modulation  can  affect  the  way  in  which  the 
2D-ACAR  reflects  the  Fermi  surface.  They  observe  consid¬ 
erable  fine  structure  but  do  not  interpret  it  in  terms  of  a 
Fermi  surface  in  the  absence  of  momentum  density  calcu¬ 
lations. 


3.  CONCLUSIONS 

2D-ACAR  positron  experiments  have  lead  to  the  obser¬ 
vation  of  Fermi  surface  signatures  in  most  of  the  supercon¬ 
ducting  oxides  investigated  until  now.  The  recent  progress 
is  due  to  large  improvement  in  the  crystal  quality,  in  de¬ 
velopment  of  sophisticated  data  analysis  and  the  choice  of 
suitable  conditions  to  minimize  positron  trapping. 

In  general,  the  experimental  findings  are  in  agreement 
with  LDA  calculations.  Some  inconsistencies  remain,  less  in 


the  Fermi  surface  topologies  than  in  the  overall  shape  of  the 
momentum  density  distribution.  They  can  be  attributed  to 
shortcomings  on  the  experimental  side  (traps,  crystal  qual¬ 
ity,  resolution)  or  the  theoretical  side  (inadequate  treate- 
ment  of  correlation  effects  for  example). 

In  principle  2D-ACAR  could  provide  direct  measure¬ 
ments  of  the  superconducting  gap  but  there  are  no  convinc¬ 
ing  results  yet  about  related  effects.  The  experimental 
resolution  should  be  sufficient  for  compounds  with  high  Tq 
but  currently  available  statistical  precision  is  an  important 
limitation.  The  forthcomming  generation  of  intense  positron 
beams  shall  be  of  great  help  to  overcome  this  limitation. 
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Abstract  We  present  the  first  results  of  a  positron  two-dimensional  angular  correlationof  annihilation  radi- 
atira  (2D-ACAR)  experiment  on  a  typical  organic  conductor  tetrathiofulvalinium  tetracyanoquinodimethan 
(TTF-TCNQ).  Although  the  observed  spectrum  is  relatively  smooth,  we  have  succeeded  inextracting  the 
anisotropy  refl^ecting  the  electronic  structure  of  TTF-TCNQ.  In  order  to  clarify  the  origin  of  the  anisotropy, 
we  have  performed  theoretical  simulations.  Electron  wave  functions  are  expressed  as  TTF  or  TCNQ  molec¬ 
ular  orbitals  obtained  by  self-consistent  quantum  chemical  calculations  (GAUSSIAN92)  while  the  positron 
wave  function  is  calculated  by  the  superposed  atom  method.  The  simulated  2D-ACAR  spectrum  is  in  rea¬ 
sonable  agreement  with  the  experimental  one.  This  implies  that  the  predominant  features  observed  can  be 
interpreted  in  terms  of  molecular  orbitals. 


1.  INTRODUCTION 

The  crystal  of  TTF-TCNQ  (monoclinic,  space  group  P2i  /  c, 
a  =  12.298  A,  Z?  =  3.819  A,  c  =  18.468  K  p  =  104.46°) 
consists  of  homologous  stacks  of  cations  (TTF)  and  an¬ 
ions  (TCN(Q)  along  the  Z?-axis  [1]  and  shows  quasi-one- 
dimensional  metallic  conductivity  along  this  direction  above 
60  K  [2].  This  conductivity  is  accomplished  by  charge  trans¬ 
fer  between  chains  of  different  type.  In  terms  of  molecular 
orbitals,  0.55  electrons  are  transferred  from  the  highest  oc¬ 
cupied  molecular  orbital  (HOMO)  of  TTF  to  the  lowest  un¬ 
occupied  molecular  orbital  (LUMO)  of  TCNQ  at  room  tem¬ 
perature  [3].  Because  of  many  interesting  and  exotic  prop¬ 
erties  originating  from  the  low-dimensionality  [4],  detailed 
investigation  of  the  electronic  structure  is  well  motivated. 

The  positron  2D-ACAR  technique  is  recognized  as  a 
powerful  tool  to  measure  electronic  structures  in  momen¬ 
tum  space  [5].  In  this  paper,  we  report  the  first  results 
of  a  positron  2D-ACAR  experiment  on  TTF-TCNQ.  We 
present  also  theoretical  calculations  based  on  molecular  or¬ 
bital  description  of  the  electronic  structure,  which  we  expect 
to  be  a  good  approximation  for  molecular  crystals. 


2.  METHODS 

The  2D-ACAR  measurement  was  performed  at  300  K 
with  the  spectrometer  described  in  [6]  using  a  single  crystal 
(10  mm  X  2  mm  x  0.05  mm)  with  the  integration  axis  par¬ 
allel  to  the  b  axis.  At  this  temperature  the  resolution  has  an 
FWHM  along  the  two  detected  momentum  components  of 
about  1  mrad  (1  mrad  =  0.137  a.u.  of  momentum).  About 
165  X  10^  coincidences  were  accumulated  in  an  histogram 


with  a  mesh  of  0.15  mrad  x  0.15  mrad.  The  data  were  cor¬ 
rected  with  the  angular  efficiency  of  the  spectrometer,  sym¬ 
metrized  by  the  appropriate  inversion  operation,  and  the 
anisotropy  was  extracted  by  subtracting  the  cylindrical  av¬ 
erage.  Finally,  the  anisotropy  was  smoothed  by  convolution 
with  a  square  function  of  1.05  mrad  x  1.05  mrad. 

In  calculations,  each  molecular  orbital  of  TTF  or  TCNQ 
is  expressed  as  a  linear  combination  of  atomic  orbitals 
(LCAO).  In  order  to  obtain  the  LCAO  coefficients,  we  per¬ 
formed  ab  initio  quantum  chemical  calculations  using  the 
GAUSSIAN92  program  with  the  STO-3G  basis  set.  When 
constructing  electron  wave  functions  with  these  LCAO  co¬ 
efficients,  we  used  corresponding  Slater  orbitals  (STO)  for 
calculational  simplicity. 

On  the  other  hand,  we  calculated  the  positron  wave  func¬ 
tion  by  the  superposed-neutral-atom  method  [7],  in  which 
no  charge  transfer  is  taken  into  account.  The  positron 
Schrodinger  equation  is  replaced  by  a  set  of  difference  equa¬ 
tions  at  three-dimensional  mesh  points  in  the  real  space.  In 
the  present  case,  the  unit  cell  contains  61  x  21  x  91  mesh 
points  (points  on  the  boundary  are  shared  with  neighbor¬ 
ing  cells).  The  mesh  spacings  were  0.2  A.  The  positron 
wave  function  is  obtained  as  numerical  values  at  these  mesh 
points. 

To  calculate  the  ACAR  distribution,  we  first  set  up  three- 
dimensional  256  X  256  X  256  grid  with  spacings  of  0.2  A 
around  a  TTF  or  TCNQ  molecule.  Next,  obtaining  values 
of  the  electron  wave  functions  ifj-j  (J:  molecular-orbital  in¬ 
dex)  and  the  positron  wave  function  (//+,  their  products  at 
the  grid  points  {x,  y,  z)  were  calculated.  By  applying  three- 
dimensional  fast  Fourier  transformation  (FFI),  a  partial 
ACAR  spectrum  was  obtained  for  each  molecular  or¬ 
bital  as 
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Fig.  1 .  Anisotropies  of  the  positron  2D-ACAR  distribution  pro¬ 
jected  along  the  ^-direction:  (a)  experiment  and  (b)  theory.  White 
is  high  and  dark  is  low. 
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3.  RESULTS  AND  DISCUSSION 

Figure  1(a)  shows  the  experimental  2D”ACAR 
anisotropy  of  TTF-TCNQ  in  the  a-c*  plane.  It  is  charac¬ 
terized  by  peaks  and  dips  around  ±  5  mrad  in  the  c*  and  a 
directions,  respectively.  The  corresponding  calculated  result 
is  shown  in  Fig.  1(b).  Although  there  are  additional  finer 
structures  in  the  calculated  spectrum,  the  overall  agreement 
between  the  two  spectra  is  reasonable. 

To  discuss  the  anisotropic  structures  in  some  detail,  we 
plotted  anisotropies  for  each  molecular  orbital  and  obtained 
partial  sums  for  TTF  and  TCNQ  molecules,  respectively 
(they  are  not  shown  here).  Although  it  is  not  straightfor¬ 
ward  to  assign  a  contribution  from  each  orbital  to  the  total 
spectrum,  we  can  say  that  finer  structures  in  the  theoretical 
result  come  from  molecular  orbitals  of  TTF. 

On  the  other  hand,  the  experimental  spectrum  resembles 
more  the  partial  sum  for  TCNQ  than  that  for  TTF.  This 
is  quite  reasonable  since  we  used  superpositions  of  neutral 
atoms  whereas  a  charge  transfer  of  0.55  electrons  occurs. 
The  agreement  between  experiment  and  theory  is  expected 
to  improve  if  a  self-consistent  field  is  also  used  for  the 
calculation  of  the  positron  wave  function. 

4.  SUMMARY 

We  have  measured  for  the  first  time  positron  2D-ACAR 
on  TTF-TCNQ.  We  have  also  made  a  theoretical  simulation 
based  on  ab  initio  molecular  orbital  calculations.  The  agree¬ 
ment  between  experiment  and  theory  is  reasonable.  This 
work  opens  a  new  domain  of  application  for  the  positron 
annihilation  technique;  the  study  of  electronic  structures  in 
organic  crystals. 
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where  (x',  y\  z' )  represents  each  grid  point  in  the  momen¬ 
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26  orbitals  were  included  for  the  TTF  molecule  while  37  for 
TCNQ.  The  occupation  number  nj  is  2  for  all  orbitals  except 
the  HOMO  of  TTF  and  the  LUMO  of  TCNQ,  where  the 
nj  values  are  2  —  0.55  =  1.45  and  0.55,  respectively.  Orbital 
relaxations  due  to  the  charge  transfer  were  ignored. 
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Abstract — ^Itis  argued  based  on  experimental  results  and  physical  arguments  that  the  Ni-B—C  based  layered 
family  of  superconductors  RNiiBiC  {R=  Lu,  Y,  Dy,  Ho,  Er,  Tm)  and  the  cuprates  have  some  fundamental 
features  in  common.  We  also  discuss  a  simple  modelling  of  the  low  energy  electronic  properties  of  the  layered 
Nickel  borocarbides  and  make  certain  predictions. 


1.  INTRODUCTION 

A  systematic  nvestigation  of  the  inter-metallic  compounds 
involving  Y,  Ni  and  B  by  the  TIFR  group  lead  to  the  dis¬ 
covery  of  superconductivity  in  the  compound  YN^B^C^.i 
with  2iTc^  IS.S^A'by  Nagarajanand  collaborators  [1].  This 
was  followed  by  the  discovery  of  a  Y-Pd-B-C  system  hav¬ 
ing  a  7^  as  large  as  IVK  by  Cava  and  collaborators  [2].  A 
single  phase  compound  LuNi2B2C  with  a  w  Ib.b^AT  was 
also  synthesised  by  Cava  and  collaborators  [3].  Even  newer 
systems  with  the  Lu  atom  replaced  by  non-magnetic  rare 
earth  Y  as  well  as  magnetic  rare  earths  Dy,  Ho,  Er,  Tm  have 
been  synthesised.  In  the  case  of  magnetic  rare  earths,  the 
Tc  is  found  to  have  a  de  Gennes  scaling  form  [3].  Similarly, 
systems  with  Ni  replaced  by  Pt  or  Pd  have  been  synthesised 
and  they  also  exhibit  superconductivity  [2].  When  Ni  is  re¬ 
placed  by  Cu  or  Co,  superconductivity  is  easily  destroyed 
[4].  It  is  hoped  that  the  structurally  characterised  system 
LuNi2B2C  holds  the  key  to  understanding  the  mechanism 
of  superconductivity  in  the  multiphase  compound  with  Tc 
Ri  23^K.  The  aim  of  the  present  paper  is  to  bring  out  some 
fundamental  similarities  and  also  differences  between  the 
layered  LuNi2B2C  and  the  layered  cuprate  superconductors. 
We  also  propose  a  simple  model  to  understand  the  low  en¬ 
ergy  electrical  and  magnetic  properties  of  this  system. 


2.  CRYSTAL  STRUCTURE 

LuNi2B2C  can  be  considered  as  a  filled  variant  of  the 
tetragonal  body  centered  ThCr2Si2  type  structures  [5].  That 
is,  it  contains  an  additional  carbon  atom  in  each  lanthanide 
layer.  There  are  two  different  layers:  {NiB)2  and  LuC.  In 
the  {NiB)2  layer,  the  Ni  atoms  form  a  simple  square  lat¬ 
tice  with  a  lattice  parameter  of  2.45  Au.  Each  Ni  atom  is 
tetrahedrally  co-ordinated  by  4  Boron  atoms.  This  leads  to 
a  square  lattice  of  Ni  atoms  sandwitched  by  two  square  lat¬ 
tice  layers  of  B  atoms.  The  second  is  the  LuC  layer,  a  2-d 
rock-salt  structure  with  the  carbon  bridging  two  B  atoms  of 


the  adjacent  (NiB)2  layers.  Thus  crystallographically  it  is  a 
layered  structure.  Some  important  structural  features  are  i) 
the  short  Ni-Ni  distance  of  2.45  Au,  which  is  shorter  than 
the  corresponding  distance  of  2.5  Au  in  metallic  Ni,  ii)  al¬ 
most  ideal  tetrahedral  coordination  of  Ni  by  Boron  atoms, 
suggesting  a  strong  sp^-type  of  bonding  and  hi)  short  B-C 
distance  of  1.47  Au,  characteristic  of  covalent  bonding.  The 
covalent  coupling  between  the  (MB) 2  layer  and  the  LuC 
layer  through  the  carbon  atom  is  an  important  structural 
difference  between  the  cuprates  and  the  present  Ni  system. 
The  strong  ‘metallic  binding’  along  the  ab-plane  and  cova¬ 
lent  coupling  along  the  c-axis  is  expected  to  provide  inter¬ 
esting  (less  ?)  electronic  anisotropy. 


3.  TRANSPORT  AND  THERMODYNAMIC 
PROPERTIES 

LMM2B2C  is  a  good  metal  with  a  room  temperature  re¬ 
sistivity  as  low  as  70  ^Ohms.  It  exhibits  a  striking  linear 
temperature  dependence  in  the  temperature  range  80  to  350 
K  without  any  indication  of  saturation.  Owing  to  the  ab¬ 
sence  of  large  single  crystals,  a  systematic  anisotropic  trans¬ 
port  measurements  have  not  been  made.  Hall  constant,  fre¬ 
quency  dependent  conductivity,  thermo  electric  power  and 
some  other  important  properties  are  yet  to  be  measmed. 

The  specific  heat  [6,7]  has  a  small  effective  mass  enhance¬ 
ment  with  a  y  w  20  to  30w7.  LMM2B2C  is  a  type  II  super¬ 
conductor  [7]  in  the  clean  limit  with  a  coherence  length  §  « 
60^m,  mean  free  path  I  w  700.4m,  77^2(0)  w  « 

500^.  The  temperature  dependence  of  the  upper  critical 
field  Hc2{T)  is  unlike  the  ordinary  type  II  superonductor 
[8].  The  ratio  2^  is  larger  [7]  than  the  weak  coupling  value 
of  3.52. 
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4.  ELECTRONIC  STRUCTURE 

Our  primary  aim  is  to  fiad  tlie  nature  of  orbitals  tbat 
are  involved  in  determining  the  low  energy  electrical  and 
magnetic  properties  .  How  dominant  are  the  Ni  orbitals 
at  the  fermi  level  ?  If  they  are,  does  it  make  the  system  a 
strongly  correlated  2-d  metals  like  the  cuprates. 

Direct  information  about  the  naturte  of  electronic  states 
at  the  fermi  level  is  available  from  photo-emission  experi¬ 
ments.  There  are  at  least  four  different  results  available  [9- 
12]  including  the  first  ARPES  measurements  presented  by 
Poirior  et.  al.  [12]  at  this  meeting.  All  the  groups  find  a  sup¬ 
pression  of  the  photo-emission  peak  at  the  fermi  level,  also 
about  30  percent  band  narrowing.  They  conclude  that  the 
states  at  the  fermi  level  have  60  to  70  percent  Ni  d-character 
and  that  the  on-site  repulsion  at  the  Nickel  orbital  is  about 
5  eV,  indicating  the  presence  of  a  correlated  Ni  band  at  the 
fermi  level.  Pelligrin  et.al  [10]  also  conclude  that  the  Ni  d- 
occupancy  is  close  to  9,  which  remains  stable  with  respect 
to  rare  earth  replacement .  This  is  close  to  a  d-occupancy  of 
about  9.5  that  Matheiss  suggest  from  the  LDA  calculations 
[13]. 

An  important  recent  result  is  the  ARPES  data  from  the 
Ames  group  [12],  who  find  a  dispersing  band  close  to  the 
fermi  level.  The  location  of  the  fermi  surface,  within  the 
limited  scan  in  k-space  is  in  agreement  with  the  LDA  cal¬ 
culations  [15].  What  is  more  significant  is  that  small  fermi 
surface  pockets  as  predicted  by  LDA  calculations  seems  to 
be  absent  in  the  experiments.  This  could  be  a  matrix  element 
effect.  More  likely,  in  view  of  strong  correlation  in  the  Ni 
layer,  these  small  fermi  surface  pockets  are  in  fact  artificats 
of  LDA  rather  than  some  thing  real.  That  is,  it  is  similar  to 
layered  BISCO  materials  where  LDA  predicts  small  fermi 
surface  pockets  corresponding  to  conudcting  BiO  planes 
with  low  carrier  density.  But  in  practice  correlation  effects 
remove  such  small  fermi  surfaces  and  as  a  result  they  are 
absent  in  photo -emission  experiments. 

As  far  as  electronic  structure  calculations  are  concerned, 
they  give  us  good  insights  provided  we  do  not  take  them  lit¬ 
erally.  The  LDA  calculations  [13-17]  have  brought  out  the 
presence  of  a  strong  s-p  hybridization.  There  is  an  s-p  man¬ 
ifold  of  bands  spread  over  about  20  eV.  The  individual  s-p 
bands  are  however  only  a  few  eV  wide.  When  it  comes  to 
the  dispersion  of  bands,  the  dispersion  along  the  three  di¬ 
rections  are  nearly  isotropic  for  the  s-p  bands.  However,  the 
bands  that  are  close  to  the  fermi  level,  which  are  the  Nickel 
d-bands  have  less  dispersion  along  the  c-axis  in  comparison 
to  the  dispersion  along  the  a-b  direction.  Thus,  LDA  cal¬ 
culations  clearly  indicate  the  presence  of  a  primarily  Nickel 
like  band  at  the  fermi  level  which  disperses  less  along  the 
c-axis.  The  shape  of  the  fermi  surface  [15]  indicates  a  large 
hole  like  fermi  surface  and  small  pockets  of  electron  like 
fermi  surface.  The  smaller  electron  like  small  fermi  surfaces 
are  likely  to  be  artifacts  of  the  neglect  of  electron  correla¬ 
tions. 


5.  NMR  AND  ^SR  STUDIES 

Magnetic  resonance  continues  to  be  one  of  the  best 
probes  to  understand  the  low  energy  spin  dynamics.  At 
least  three  groups  [18-20]  have  studied  NMR  of  nuclei 
and  one  group  [20]  the  in  addition  the  Y  nuclei.  The  results 
are  interesting.  The  NMR  gives  an  almost  temperature 
independent  Knight  shift.  On  the  other  hand,  the  relax¬ 
ation  rate  jr  exhibits  marked  departure  from  the  Korringa 
law.  Also  the  Hebel-Schlichter  peak  is  absent. 

The  temperature  dependence  of  “  for  the  B^^  nuclei  al¬ 
most  coincides  with  that  of  the  Cu  nuclei  in  La2-xSrxCu04 
except  for  a  overall  factor  of  300  for  x  w  0.13  in  the  range 
of  temperature  upto  about  350  Kelvin.  The  difference  be¬ 
tween  the  temperature  dependence  of  Knight  shift  and  ^ 
signifies  that  there  exist  finite  wave  vector  low  energy  spin 
fluctuations,  perhaphs  very  similar  to  that  in  the  cuprates. 

Very  recently,  the  Ames  group  [21]  has  studied  the  Y 
NMR  and  found  a  Korringa  like  behaviour,  which  is  to  be 
contrasted  with  the  non-Korringa  behaviour  of  B^^  nuclei. 
This  difference  between  the  NMR  in  B  and  Y  nuclei  is  sig¬ 
nificant,  particularly  in  the  conducting  state.  This  is  remi¬ 
niscent  of  the  corresponding  difference  between  the  Cu  and 
O  nuclei  in  cuprates.  In  a  conducting  state,  such  a  differ¬ 
ence  is  not  a  simple  geometric  and  matrix  element  effect  - 
according  to  some  recent  discussions  [22]  it  points  to  some 
fundamental  property  of  the  non-fermi  liquid  state  at  least 
for  the  case  of  cuprates.  The  result  of  Ames  group  also  in¬ 
dicates  the  presence  of  lower  carrier  concentration  in  the 
vicinity  of  the  Y  site.  This  points  out  that  any  three  di- 
mentionality  will  be  primarily  through  the  Boron-Carbon- 
Boron  bonds.  The  above  difference  between  Y  and  B  NMR 
as  well  as  the  presence  of  spin-fluctuations  points  towards 
the  existence  of  a  non-fermi  liquid  normal  state.  This  state¬ 
ment  becomes  more  relevant  in  view  of  a  recent  suggestion 
of  Anderson  [23]  that  in  a  one  band  situation  antiferromag¬ 
netic  spin  fluctuations  in  the  matallic  state  implies  a  non- 
fermi  liquid  normal  state. 

There  also  exists  a  ^SR  result  from  Cook  et.  al.,  [24] 
who  claim  that  perhaphs  Ni  has  a  slowly  fluctuation  spin- 
^  magnetic  moment  at  temperatures  less  than  2  K  in  the 
case  of  HoNi2B2C.  Once  confirmed  this  will  be  a  significant 
result,  which  will  be  a  good  support  for  one  band  modelling 
to  be  proposed  in  a  following  section. 


6.  RARE  EARTH  MAGNETISM 

There  are  other  important  experiments  which  distinguish 
LuNi2B2C  from  other  conventional  superconductors  like 
Hg  or  Al.  These  experiemtns  are  the  study  of  co-existence 
of  magnetism  and  superconductivity  in  the  same  system 
with  rare  earth  replacement^  of  Lu;  that  is,  RNi2B2C  with 
R  =  Sm,  Tm,  Er,  Ho.  In  these  systems  one  sees  a  de  Gennes 
scaling  of  the  superconducting  Tc.  What  is  important  is  the 
fact  that  the  rare  earth  magnetic  subsystem  is  electronically 
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well  isolated  from  the  superconducting  system  like  in  the 
Chevrel  phase  and  Rhodium  boride  cluster  compoimds. 

Let  us  discuss  briefly  the  well  studied  Holmium  system. 
This  has  a  complex  phase  diagram  resulting  from  an  in- 
teresdting  competition  between  magnetism  and  supercon¬ 
ductivity.  What  is  significant  is  that  the  Holmium  moments 
order  ferromagnetically  [25]  along  the  ab  plane  within  each 
Ho-C  layer.  Neighbouring  basal  plane  ferromagnetic  sheets 
of  Ho  are  antiferromagnetically  ordered  along  the  C-axis. 
And  the  superconducting  Tc  is  about  8.7^  K. 

If  the  Ho-C  layer  were  truly  involved  in  three  dimentional 
conductivity,  the  non-zero  exchange  field  due  to  the  ferro¬ 
magnetic  order  within  the  Ho-C  layer  would  have  drastic 
consequence  to  superconductivity  as  a  pair  breaker  of  the 
cooper  pair  singlets.  Since  a  finite  superconducting  Tc  exists, 
it  means  that  a  strong  singlet  correlation  exists  within  each 
NiB  layer  and  that  the  pairing  correlation  does  not  spill 
over  strongly  to  the  the  HoC  layer.  Even  though  the  mean 
exchange  field  arising  from  the  ferromagnetically  ordered 
Ho  layers  in  the  NiB  layer  vanishes  by  symmetry,  the  flucu- 
tation  in  the  local  exchange  field  will  have  drastic  effect  and 
reduce  Tc  much  more  than  what  is  observed  experimentally. 
Thus  the  NiB  layer  is  likely  to  be  a  strongly  singlet  domi¬ 
nated  system,  and  which  is  electronically  well  isolated  from 
the  HoC  layer.  This  means  a  strong  electrical  anisotropy. 

Another  support  for  the  strong  anisotropy  along  the  c- 
axis  comes  from  our  observation  that  the  fluctuating  orbital 
fields  from  the  ferromagnetically  ordered  Ho  layers,  which 
will  predominantly  lie  in  the  ab  plane  (with  zero  mean)  will 
strongly  modify  the  one  electron  as  well  as  pair  transport 
along  the  c-axis.  One  way  by  which  this  strongly  fluctuating 
orbital  field  could  be  escaped  is  if  there  is  no  coherent  one 
electron  conduction  along  the  c-axis  in  the  normal  state. 


7.  QUANTUM  CHEMISTRY  OF  THE  N\Bi  LAYERS 

The  nature  of  chemical  bonds  in  LuNkBiC  is  more  com¬ 
plicated  in  comparision  to  that  in  the  cuprates  in  view  of 
the  fact  that  B  is  an  electron  defficient  atom  [26].  Electron 
deficient  atoms  have  more  number  of  stable  valence  orbitals 
than  the  number  of  valence  electrons.  They  tend  to  have 
more  ligancy  than  the  number  of  stable  valence  orbitals. 
Boron  has  four  (2s  and  2p)  valence  orbitals  and  three  elec¬ 
trons.  The  ligancy  of  Boron  in  LuNhBiC  is  5  (four  nearest 
Ni  atoms  and  one  C  atom),  which  is  more  than  the  number 
of  stable  valence  orbitals.  This  brings  in  fluctuating  valence 
bonds  or  the  related  multi  center  bonds  [26]  in  Boron  based 
compounds.  A  good  example  of  this  phenomenon  is  the 
molecule  diborane,  BtHe.  The  difference  between  the  fluc¬ 
tuating  valence  bond  states  and  the  multi-center  bonds  in 
the  case  of  extended  systems  is  a  fundamental  one  [27]. 

We  have  an  electronic  coupling  between  the  Ni  subsystem 
and  the  BC  subsystem.  The  Ni  sub  sysetem  is  strongly  cor¬ 
related.  In  view  of  the  fluctuating  valence  band  character, 
the  B-C-B  sub  system  can  not  be  thought  of  as  a  band  in¬ 


sulator  with  some  ammmt  of  carriers  present  in  them.  This 
is  to  be  contrasted  with  the  CuOi  planes  in  the  cuprates 
where  the  electronic  coupling  involves  the  strongly  corre¬ 
lated  Cu  subsystem  and  the  oxygen  band  (no  valence  bond 
fluctuation)  with  holes. 

It  is  not  clear  if  this  valence  bond  fluctuations  bring  in 
any  fundamental  difference  to  the  low  energy  physics.  It  def¬ 
initely  complicates  building  of  simple  tight  binding  schemes. 
We  believe  that  at  the  end  valence  bond  fluctuations  only 
modifies  parametrically  a  one  band  tJ  model  that  we  sug¬ 
gest  below. 

We  have  an  interesting  situation  in  which  the  Ni  atoms 
feel  two  strong  perturbations  of  different  symmetries.  The 
first  is  the  tetrahedral  perturbation  from  the  four  neighbour¬ 
ing  B  atoms.  The  second  is  the  square  planar  perturbation 
from  the  four  nearest  neighbour  Ni  atoms  in  the  plane.  The 
tetrahedral  perturbation  lifts  the  5  fold  degeneracy  of  the 
d  level  into  the  three  fold  degenerate  t2g  at  the  top  and  the 
two  fold  degenerate  eg  at  the  bottom^  In  particular,  the  xy, 
yz  and  zx  orbitals  can  nicely  form  a  type  bonding  hybridis¬ 
ation  with  any  sp^  orbitals  that  is  directed  towards  Ni  from 
one  of  the  four  B  atoms.  When  the  square  planar  perturba¬ 
tion  acts  in  addition,  it  lifts  the  degeneracy  between  the  xy 
and  the  xz,  zy  states. 

Ni  is  nominally  in  configuration  and  Lu  is  in  a 
charged  state  .  NMR  results,  photo  emission  results 
and  LDA  calculations  suggest  a  Ni  configuration  close  to 

.  Strong  covalent  bonding  is  present  in  C  and  B  atoms. 
The  bond  distance  between  C  and  B  is  about  1.47  A,  which 
is  in  between  the  double  bond  distance  and  single  bond  dis¬ 
tances  in  C-C  bonds.  Thus  the  C  and  B  bond  is  fluctuating 
quantum  mechanically.  A  total  of  7  electrons  per  formula 
unit  (3  from  Lu  and  4  from  the  two  Ni  atoms)  has  to  be 
shared  among  the  B-C-B  atoms  that  links  two  neighbouring 
Ni  layers. 

We  suggest  two  chemical  bonding  schemes:  the  first  one 
is  consistent  with  the  overall  symmetry  of  the  system  and 
a  second  that  has  a  reduced  symmetry  and  which  perhaphs 
gains  back  the  symmetry  after  the  effects  of  quantum  fluc¬ 
tuations  of  the  valence  bonds.  In  the  first  bonding  scheme 
the  Ipx  and  Ipy  orbitals  of  carbon  are  filled.  The  2s  +  Ipz 
and  Is  -  Ipz  orbitals  of  one  Carbon  atom  hybridize  with 
the  2s  -  2pz  and  2s  +  2pz  orbitals  of  the  two  adjacent  Boron 
atoms.  The  two  bonding  states  of  the  above  hybridization 
has  two  electrons  each.  Thus  we  have  two  single  bonds  B-C 
and  C-B  among  the  three  atoms  B-C-B,  which  are  linear. 
We  are  left  with  an  average  of  2.5  electrons  to  be  put  in  the 
rest  of  the  three  sp  orbitals  of  each  B  atom,  along  with  the 
remaining  2  electrons  in  each  B  atom  and  one  undpaired 
electron  in  the  Ni  d-shell. 

It  is  difficult  to  put  one  more  electron  in  the  Ni  state 
in  view  of  the  strong  coulomb  repulsion 't.  5  eV.  The  three 
of  the  remaining  sp  orbitals  of  B  and  one  Nickel  d  orbital 
will  form  a  hybrid  of  4  bands.  And  the  fermi  level  lies  in  the 
third  band.  According  to  the  existing  LDA  calculations  as 
well  as  experiments  the  band  at  the  fermi  level  is  primarily 
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a  Ni  band.  This  is  because  there  are  5.5  electrons  per  Ni- 
B  complex  after  taking  care  of  an  electron  that  is  involved 
in  a  covalent  bond  with  the  carbon  atom.  Thus  the  third 
band  can  be  thought  of  as  a  Nickel  band  -  an  electron 
doped  Mott  insulator  (  |  filling).  The  carriers  are  analgue 
of  the  Zhang-Rice  singlets  relevant  for  the  present  case.  The 
Zhang-Rice  singlets  are  singlets  between  a  d-electron  and 
an  electron  in  the  sp  hybrid  of  Boron  atom.  Thus  we  have 
essentially  a  one  band  situation. 

The  second  bonding  scheme  is  inspired  by  the  near  tetra¬ 
hedral  co-ordination  of  Ni  by  the  B  atoms.  It  is  easily  seen 
from  the  symmetry  that  a  sp^  orbital  of  B,  directed  towards 
Ni  can  hybridize  with  the  xy,yz  and  zx  orbitals.  It  can  also 
hybridize  with  an  sp'^  orbital  of  the  4s  and  4p  states  of  Ni 
and  thereby  promote  a  pair  of  electron  from  the  filled  Boron 
sp^  orbital  to  he  empty  sp'^  orbital  of  Ni.  From  this  point 
of  view  the  Ni-B  coupling  is  rather  complex. 

This  suggests  that  a  filled  sp^  hybrid  of  a  B  atom  (di¬ 
rected  towards  a  Ni  atom)  is  strongly  hybridized  with  the 
Ni  orbitals.  Simple  counting  shows  that  in  this  case  all  the 
sp^  bonding  states  of  C  and  the  two  B  atoms  will  be  filled 
and  an  extra  of  half  electron  per  Ni  atom  will  live  either  in 
the  Ni  4s  state  or  some  other  hybrid.  And  the  B-C  bonds 
are  double  bonds. 

In  the  second  scheme,  the  number  of  boron  sp"^  Boron 
orbitals  that  are  available  for  bonding  is  two  per  Ni  atoms, 
where  as  the  ligancy  of  Ni  is  eight.  If  we  choose  a  particular 
pattern  of  Boron  sp^  and  Ni  hybridization,  the  symmetry 
is  reduced  from  what  is  seen  experimentaly.  Thus  the  sp"^ 
valence  bonds  should  quantum  fluctuate  there  by  gaining 
resonance  energy  as  well  as  gaining  back  the  full  symmetry. 

We  have  a  spin  half  magnetic  moment  in  each  Nickel  Cell. 
The  d-states  involved  in  forming  this  spin  are  the  dxy,  dyz  and 
dzx  with  some  what  stronger  dxy  contribution.  The  valance 
bond  flunctuation  of  the  Boron-Carbon  subsystem  to  which 
this  spin  is  coupled  gives  this  state  a  “non-Slater  determi¬ 
nant”  character.  However,  this  local  many  body  state  can 
be  thought  of  as  a  state  having  zero  reference  charge  and 
magnetic  moment  half  Similarly  the  Zhang-Rice  singlet  of 
the  above  spin  half  state  with  an  electron  of  the  B  sub  sys¬ 
tem  is  a  correlated  local  many  body  state.  However,  it  has 
a  reference  charge  -e  and  spin  zero.  This  entiting  can  move 
in  the  background  of  the  fluctuating  Ni  spins.  This  is  the 
origin  of  a  one  band  tJ  model  description  of  our  system. 


8.  A  TIGHT  BINDING  MODEL,  CORRELATION 
AND  ANISOTROPY 

From  the  above  discussion  we  can  extract  the  following 
model.  Given  an  opportunity  Ni  is  in  a  nominally  d?  state. 
In  view  of  the  reduced  symmetry  around  Ni,  we  do  not  ex¬ 
pect  the  d-hole  to  have  any  orbital  degeneracy.  The  relevant 
valence  orbital  is  a  d-orbital  that  has  more  of  a  dxy  charac¬ 
ter  and  contains  an  unpaired  electron.  In  view  of  the  strong 
electron  correlation  with  an  f/  «  SeV  and  narrow  band, 


this  reference  state  is  a  Mott  insulator.  Thus,  each  Ni  atom 
carries  a  spin  half  magnetic  moment.  However,  LuNhB2C 
has  about  half  an  extra  electron  per  Ni  atom.  This  extra 
electron  lives  primarily  in  one  fluctuating  valence  bond  state 
involving  the  Boron  2s  and  2p  orbitals.  And  this  forms  a 
singlet  with  the  unpaired  Ni  electron.  This  is  analogous  to 
the  Zhang-Rice  singlet  of  the  cuprates.  The  strong  coulomb 
correlation  prevents  charge  fluctuation  in  the  Ni  subsystem 
except  that  arising  from  the  motion  of  the  extra  electron 
living  in  the  B  subsystem.  Thus  we  have  essentially  a  sin¬ 
gle  band  tJ  model  !  It  is  an  electron  doped  Mott  insulator, 
which  is  a  I  filled  band  or  close  to  it.  Experimental  sup¬ 
port  for  the  above  modelling  is  from  NMR  and  \xSR  and 
an  one  band  like  behaviour  from  the  ARPES  results. 

In  a  t-J  model,  above  half  filling,  the  local  constraint 
changes  to  absence  of  any  empty  site.  Thus  our  model  is 

~  —  +  Ac.  -I-  /  ^  S/.S; 

with  7^  0,  (1) 

<T 

where  the  hopping  parameter  along  the  ab  plane  is  ?  « 
0.2^1^  and  J  ^  ^  eV.  From  the  LDA  calculation  it 

is  clear  that  the  4  is  about  a  factor  of  3  or  4  small  in 
comparision  to  the  inplane  t.  This  anisiotropy  ratio  is  similar 
in  magnitude  to  the  214  cuprates.  The  confinement  aspects 
of  the  anisotropic  to  J  model  needs  to  be  studied  in  detail 
[30], 


9.  PREDICTION  OF  A  NON-FERMI  LIQUID 
NORMAL  STATE,  c-AXIS  CONFINEMENT  AND 
INTERLAYER  PAIR  TUNNELING 

Two  key  issues  are  the  nature  of  the  c-axis  anisotropy  and 
the  possible  non-fermi  liquid  character  of  he  NiB  sheets. 
Unlike  the  cuprates,  the  bonding  beween  {NiB)2  layers  is 
primarily  covalent  in  character.  The  LDA  calculations  do 
show  some  amount  of  anisotropy  in  the  band  dispersion. 
However,  the  relative  insensitivity  to  ferrromagnetic  sheet 
order  in  the  HoC  sheets  in  HoNi2B2C^  as  discussed  earlier 
indicates  reduced  carrier  density  in  the  HoC  layers.  The 
NMR  results  also  indicates  less  carrier  density  in  the  Y  site 
for  the  case  of  YNi2B2C,  This  is  what  tempts  us  to  suggest 
that  there  is  c-axis  confinement. 

From  our  modelling  several  results  follow  in  a  rather 
natural  fashion,  which  can  be  experiementally  tested.  Firstly, 
the  normal  state  of  the  Ni  plane  will  be  a  non-fermi  liquid, 
perhaphs  a  tomographic  Luttinger  liquid  [28]  with  spin- 
charge  decoupling.  One  of  the  primary  consequence  is  the 
possibility  of  amplification  of  the  band  anisotropy  to  a  non- 
metallic  behaviour  in  the  normal  state  along  the  c-axis.  With 
the  transport  study  envisaged  with  larger  single  crystals,  this 
prediction  can  be  easily  tested. 

Other  normal  state  anomalies,  like  the  Hall  elfect,  Ra¬ 
man  scattering,  tunneling  conductance,  frequency  and  tern- 
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perature  dependence  of  the  Drude  width  and  other  should 
follow  perhaphs  with  some  quantitative  difference  from  the 
cuprates.  We  have  a  |  filled  band.  Since  it  is  a  t-J  model, 
the  sign  of  the  Hall  constant  should  be  -ve  (electron  like) 
as  opposed  to  the  simple  band  theory  prediction. 

The  presence  of  spin-charge  decoupling  and  the  con¬ 
sequent  one  electron  confinement  implies  an  appreciable 
Wheatley-Hsu-Anderson  pair  tunneling  [29]  as  a  source  of 
superconductivity.  Since  the  scale  of  Tc  so  far  has  been  less 
than  23  K,  perhaphs  a  finite  fraction  of  pairing  amplitude 
derives  from  phonon  mediated  attraction  of  the  qasi  parti¬ 
cles  at  the  fermi  level,  as  in  the  case  of  low  Tc  cuprates. 

It  should  be  mentioned  that  the  existing  resistivity  results 
show  a  remarkable  linear  behaviour  above  80K  but  with  a 
quadratic  component  at  low  temperatures.  It  is  very  differ¬ 
ent  from  the  A15  and  chevrel  phase  compounds  -  perhaphs 
more  closer  to  cuprates.  But  in  terms  of  actual  value  of  resis¬ 
tivity,  these  systems  are  better  conductors  than  the  cuprates. 
Even  though  one  may  be  tempted  to  attribute  the  linear  be¬ 
haviour  to  a  fermi  liquid  state  with  low  Debye  temperature, 
one  has  to  be  careful  in  view  of  the  strong  experimental  ev¬ 
idence  for  spin  flcutuations  and  strong  correlations  within 
the  2-d  Ni  layers. 


10.  CONCLUSIONS 

In  this  paper  we  have  argued  that  there  exists  a  strong 
similarity  at  a  fundamental  level  between  the  NiBC  system 
and  the  cuprates.  Based  on  experimental  results  and  the¬ 
oretical  reasonings  we  have  given  a  one  band  tJ  model  as 
an  appropriate  model  for  the  low  energy  physics,  which  has 
several  interesting  consequences  discussed  in  the  last  sec¬ 
tion.  Other  existing  theories  talk  about  electron-phonon  in¬ 
teraction  [30]  or  a  mixture  of  electron-electron  and  electron 
phonon  interactions  [31]  involving  many  bands. 

An  acid  test  of  our  model  will  be  the  existence  of  a  Mott 
insulating  state  in  this  class  of  compounds.  From  nominal 
electron  counting,  a  replacement  of  Lu  by  a  divalent  ion 
such  as  Ca,  which  has  a  similar  ionic  radius  as  Lu  or  Y 
should  result  in  a  Mott  insulating  state.  Another  prediction 
will  be  that  a  complete  replacement  of  Ni  by  Co  will  result 
in  a  one  band  with  quarter  filling.  This  should  behave  in  a 
similar  way  to  the  Ni  system.  Existing  experiments  do  not 
show  superconductivity  in  the  pure  Co  system  [30].  Within 
our  scenerio  this  absence  can  be  only  explained  by  invoking 
some  other  factor. 

Another  intriguing  result  is  the  sharp  reduction  of  Tc 
with  the  replacement  of  Lu  by  La,  whose  ionic  radius  is 
rather  small. 

What  is  the  origin  of  the  superconudctivity  in  the  Y-Pd- 
B-C  system  with  a  7;  of  23  K  ?  Our  guess  based  on  our 
modelling  is  that  it  is  either  a  bi-layer  material  in  the  sense 
of  having  two  closely  coupled  Ni  layers  or  a  structure  in 
which  our  one  band  is  optimally  doped  rather  than  over 
doped.  The  fact  that  the  replacement  of  Ni  by  Pt  or  Pd  while 


modifying  y,  does  not  affect  the  Tc  is  also  an  intriguing 
experimental  fact. 
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Abstract — ^The  basic  properties  of  heavy  fermion  materials  are  briefly  summarized.  Several  recent  issues  in 
the  physics  of  heavy  fennion  materials  are  discussed,  including  the  unconventional  superconductivity  of 
UPtg,  non  Fermi  liquid  behavior  in  strongly  correlated  f-electron  systems,  and  the  possible  observation  of 
the  Fulde-Ferrel-Larkin-Ovchinnikov  spatially  nonuniform  superconducting  state. 


1.  INTRODUCTION 

Heavy  fermion  f-electron  superconductors  and  high  Tc 
cuprate  superconductors  share  several  striking  similarities: 
(1)  strong  electron  correlations;  (2)  anisotropic  supercon¬ 
ductivity  with  an  energy  gap  that  may  vanish  at  points 
or  lines  on  the  Fermi  surface;  (3)  the  proximity  of  su¬ 
perconductivity  and  antiferromagnetism,  suggesting  that 
electron  pairing  may  be  mediated  by  antiferromagnetic  spin 
fluctuations;  and  (4)  non  Fermi  liquid  characteristics  in 
the  normal  state  physical  properties  in  certain  regimes  of 
chemical  composition  and  temperature  [1].  In  this  paper, 
we  briefly  summarize  the  basic  properties  of  heavy  fermion 
compounds  and  discuss  several  recent  issues  in  the  physics 
of  these  materials.  These  issues  include  the  unconventional 
superconductivity  of  UPts,  non  Fermi  liquid  behavior  in 
strongly  correlated  f-electron  systems*  and  the  possible  ob¬ 
servation  of  the  Fulde-Ferrel-Larkin-Ovchinnikov  spatially 
nonuniform  superconducting  state. 

2.  BASIC  PROPERTIES  OF  HEAVY  FERMION 
f-ELECTRON  MATERIALS 

The  small  class  of  heavy  fermion  superconductors  in¬ 
cludes  one  Ce  compound,  CeCu2Si2[2],  and  five  U  com¬ 
pounds,  UBei3[3],  UPt3[4],  URu2Si2[5],  UNi2Al3[6],  and 
UPd2  AI3P],  all  listed  in  the  order  in  which  they  were  discov¬ 
ered.  Another  U  superconductor  with  unusual  properties, 
UeFe,  may  be  related  to  the  heavy  fermion  superconductors 
[8]. 

The  heavy  fermion  compounds  derive  their  name  from 
the  enormous  linear  coefficient  y  of  the  electronic  specific 
heat  Ce  =  y  T,  which  attains  values  as  high  as  «  1  J/mol- 
K^,  from  which  large  electron  effective  masses  « 10^-10^  rUe, 
where  rOe  is  the  free  electron  mass,  have  been  inferred.  For 
the  heavy  fermion  compounds  CeCu2Si2  [2]  and  UBeis  [3], 
y  is  strongly  dependent  on  temperature  below  «10  K  and 


attains  a  value  « 1  J/mol-K^  near  1  K,  indicating  that  these 
materials  have  a  low  effective  degeneracy  temperature  To  of 
the  order  of  several  K.  Both  compounds  have  a  large  spe¬ 
cific  heat  jump  AC  at  the  superconducting  critical  temper¬ 
ature  (Tc  «  0.6  K  for  CeCu2Si2;  Tc  w  0.85  K  for  UBeis)  of 
K  y(Tc)Tc,  comparable  to  the  value  expected  from  the  BCS 
theory  (AC  =  1.43yTc).  This  demonstrates  that  the  heavy 
electrons  that  are  responsible  for  the  enormous  values  of 
y  are  the  same  ones  that  are  involved  in  the  superconduc¬ 
tivity.  Many  researchers  believe  that  the  narrow  feature  in 
the  density  of  states  at  the  Fermi  level  which  is  responsible 
for  the  low  degeneracy  temperature  To  in  heavy  fermion  f- 
electron  materials  is  associated  with  the  Kondo  effect;  i.e., 
the  counterpart,  for  a  lattice  of  localized  magnetic  moments 
associated  with  f-states  that  are  hybridized  with  conduction 
electron  states,  of  the  Abrikosov-Suhl  (or  Kondo)  resonance 
for  a  dilute  Kondo  system.  In  a  metal  containing  dilute  con¬ 
centrations  of  paramagnetic  impurities,  the  Kondo  temper¬ 
ature  Tk  delineates  the  cross-over  from  high  temperature 
local  moment  behavior  to  a  low  temperature  nonmagnetic 
state.  In  the  high  temperature  local  moment  regime,  the 
magnetic  susceptibility  can  be  described  by  a  Curie-Weiss 
law  with  an  effective  magnetic  moment  close  to  the  free  ion 
value  and  a  Curie-Weiss  temperature  0p  «  3-4  Tk;  the  low 
temperature  nonmagnetic  state  is  characterized  by  satura¬ 
tion  of  the  magnetic  susceptibility  to  a  finite  value  x(0)  at 
T  =  0  K  as  «  1  -  (T/Tk)2. 

Power  law  temperature  dependences  in  various  super¬ 
conducting  properties  of  the  heavy  fermion  compounds 
have  been  interpreted  as  evidence  of  anisotropic  supercon¬ 
ductivity  in  which  the  energy  gap  A(k)  vanishes  at  points 
or  lines  on  the  Fermi  surface.  The  anisotropic  supercon¬ 
ductivity  may  be  associated  with  pairing  of  electrons  in 
states  with  finite  angular  momentum,  mediated  by  anti¬ 
ferromagnetic  spin  fluctuations,  rather  than  phonons.  Sev¬ 
eral  of  the  heavy  fermion  compounds  exhibit  the  coexis¬ 
tence  of  weak  antiferromagnetism  (AFM)  and  supercon¬ 
ductivity,  with  a  Neel  temperature  Tn  >  Tc,  over  different 
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parts  of  the  Fermi  surface  (UPtsP],  URu2Si2[5, 10,1 1,12], 
UNi2Al3[6, 13,14],  UPd2Al3[7,13,15]).  The  heavy  fermion 
compounds  UBen  and  UPt3  have  multiple  superconduct¬ 
ing  phases  that  appear  upon  doping  with  another  element 
(Ui-xThxBeis)  or  the  application  of  a  magnetic  field  H  or 
pressure  P  (UPt3). 

Another  common  behavior  that  is  emerging  for  supercon¬ 
ducting  heavy  fermion  uranium  compounds  is  that  chemical 
substitutions  tend  to  suppress  both  superconductivity  and 
weak  AFM  and  induce  local  moment  AFM  or  ferromag¬ 
netism  (FM)  with  moments  of  the  order  of  a  p/e.  In  UPt3, 
local  moment  AFM  is  produced  by  substituting  Th  for  U 
[16,17]  and  Pd  [18]  or  Au  [19]  for  Pt,  while  in  URu2Si2,  local 
moment  AFM  appears  upon  substitution  of  Rh  for  Ru  [20] 
and  local  moment  FM  occurs  when  Re  or  Tc  is  substituted 
for  Ru  [21],  the  first  example  of  a  ferromagnetic  instability 
in  a  heavy  electron  system. 


3.  UNCONVENTIONAL  SUPERCONDUCTIVITY  OF 

UPt3 

In  zero  magnetic  field,  the  heavy  fermion  superconduc¬ 
tor  UPts  exhibits  two  distinct  superconducting  transitions, 
manifested  as  two  specific  heat  jumps,  one  at  a  critical  tem¬ 
perature  Tci  («0.5  K)  and  the  other  at  a  critical  tempera¬ 
ture  Tc2,  about  50  mK  below  Tci  [22].  Specific  heat  mea¬ 
surements  in  magnetic  fields  applied  perpendicular  to  the 
c-axis  of  a  UPts  single  crystal  [23]  revealed  that  the  two 
superconducting  transitions  converge  with  increasing  field 
and  coalesce  into  a  single  transition  above  wO.5  tesla.  These 
and  other  measurements  such  as  ultrasonic  attenuation  have 
been  used  to  construct  an  H  -  T  phase  diagram  which  has 
three  different  superconducting  phases  and  a  tetracritical 
point  for  both  the  cases  H±  c  and  H||c  [24].  The  occur¬ 
rence  of  the  multiple  superconducting  phases  in  UPts  has 
been  attributed  to  the  coupling  between  a  multicomponent 
superconducting  order  parameter  and  the  AFM  order  pa¬ 
rameter  [25].  The  two  superconducting  transitions  in  UPts 
are  also  very  sensitive  to  applied  pressure  and  merge  into 
a  single  transition  at  a  pressure  of  «3.7  kbar,  above  which 
only  a  single  transition  is  observed  [26].  The  two  zero  field 
phases,  which  we  denote  as  A  and  B  for  the  high  and  low 
temperature  phases,  respectively,  have  different  supercon¬ 
ducting  characteristics;  for  the  B-phase,  point  contact  spec¬ 
troscopy  reveals  a  gap-like  feature  which  is  not  present  in 
the  A-phase  [27].  Zero  field  ^SR  measurements  indicate  a 
spontaneous  internal  magnetic  field  of  «  0.1  G  in  the  B- 
phase  (the  lower  critical  field  is  «  20  G)  [28].  A  recent  in¬ 
vestigation  of  the  relaxation  of  the  remanent  magnetization 
of  magnetic  vortices  in  superconducting  UPts  showed  that 
there  are  striking  differences  in  the  low-field  flux  dynam¬ 
ics  between  the  A-  and  B-phases  [29].  In  the  low  tempera¬ 
ture  B-phase,  the  logarithmic  creep  rate  is  practically  zero, 
while  in  the  high  temperature  A-phase,  it  is  finite  and  in¬ 
creases  rapidly  as  the  temperature  is  increased  towards  Td . 


It  was  speculated  that  the  reduced  bulk  creep  rate  in  the 
B-phase  may  be  due  to  the  trapping  of  vortices  on  walls  be¬ 
tween  domains  of  degenerate  superconducting  phases  [29]. 
One  of  the  experiments  that  provides  the  strongest  evidence 
for  anisotropic  superconductivity  in  UPts  consists  of  ultra¬ 
sonic  attenuation  measurements  on  single  crystals  in  the  su¬ 
perconducting  state  by  Shivaram  and  coworkers  [30].  For 
the  propagation  vector  of  the  ultrasound  wave  in  the  basal 
plane  of  UPts,  the  ultrasonic  attenuation  coefficient  a  was 
found  to  vary  as  wT  for  the  polarization  e||a  and  «T^  for 
e||c.  In  the  normal  state,  the  same  dependence  of  a  vs  T 
was  observed  for  both  e|  |a  and  e|  |c.  This  system  has  been 
investigated  extensively  and  the  reader  is  referred  to  several 
recent  reviews  for  a  more  complete  discussion  [24,25,31]. 

Recently,  the  depression  of  Tc  of  UPta  by  rare  earth,  Th, 
and  Zr  substitutions  for  U  was  investigated  [32].  The  results 
are  shown  in  Fig.  1  where  the  depression  of  Tc,  Tco  -  Tc,  for 
a  series  of  Uo.ggzRo.ooBPts  compounds  where  R  =  rare  earth 
(except  Pm  and  Lu),  Th,  and  Zr  is  plotted  vs  (a)  R  ionic 
radius,  and  (b)  residual  resistivity  po-  The  linear  increase 
of  the  depression  of  Tc  with  increasing  residual  resistivity 
indicates  that  the  primary  pair  breaking  mechanism  is  the 
impurity  potential  scattering,  rather  than  the  exchange  in¬ 
teraction.  The  scaling  of  Tco  -  Tc  with  residual  resistivity  is 
strong  evidence  for  anisotropic  superconductivity  in  UPta; 
the  absence  of  a  marked  correlation  of  the  depression  of  Tc 
with  the  de  Gennes  factor  (gj-l)^J(J+l),  where  gj  and  J  are, 
respectively,  the  Lande  g-factor  and  total  angular  momen¬ 
tum,  of  the  rare  earth  ion  suggests  that  the  superconducting 
order  parameter  in  the  A-phase  of  UPts  has  odd  parity. 


4.  NON  FERMI  LIQUID  GROUND  STATES  IN 
STRONGLY  CORRELATED  f-ELECTRON 
MATERIALS 

During  the  past  several  years,  a  new  class  of  f-electron 
systems  which  exhibit  non  Fermi  liquid  (NFL)  behavior  at 
low  temperatures  has  been  attracting  a  great  deal  of  interest 
[33,34].  These  materials  are  Ce  and  U  intermetallics  which, 
with  a  few  possible  exceptions,  have  been  doped  with  a  non¬ 
magnetic  element.  Many  of  the  f-electron  systems  exhibit 
the  following  NFL  temperature  dependences  of  the  electri¬ 
cal  resistivity  p,  specific  heat  C,  and  magnetic  susceptibility 
X  for  T  <<  To,  where  To  is  a  characteristic  temperature 
[33]:  p(T)  «  1  -  aT/To,  where  a  <  0  or  >  0,  C(Y)/T  «  (- 
l/To)ln(T/bTo),  and  x(T)  «  1  -  c(T/To)^/2  In  several  of  the 
f-electron  systems,  the  characteristic  temperature  To  can  be 
identified  with  the  Kondo  temperature  Tk. 

Presently,  no  theoretical  model  can  account  for  the  linear 
temperature  dependence  of  p(T),  as  far  as  we  are  aware. 
The  two  channel  spin  1/2  Kondo  model  is  consistent  with 
the  temperature  dependence  of  C(T),  but  not  x(T),  while 
the  quadrupolar  Kondo  model  (the  electric  analogue  of  the 
magnetic  Kondo  effect  which  maps  onto  the  two  channel 
spin  1/2  Kondo  model)  can  account  for  both  C(T)  and 
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Fig.  1.  (a)Depression  of  Tc,  Tco  -  Tc,  vs  R  ionic  radius  for 
Uo.997Ro.oo3Pt3  compounds  where  R  =  rare  earth  (except  Pm  and 
Lu),  Th,  and  Zr.  Tco  is  the  superconducting  transition  temperature 
of  UPt3 .  (b)Tco  -  Tc  vs  residual  resistivity  for  the  same  compounds 
as  in  Fig.  15(a).  After  ref.  [32]. 


Fig.  2.  Low  temperature  phase  diagram  of  the  Ui-xThxPd2Al3 
system.  As  the  Th  concentration  x  is  increased,  the  Neel  tempera¬ 
ture  Tn  and  the  superconducting  critical  temperature  Tc  decrease 
slightly,  but  the  features  associated  with  AFM  and  superconduc¬ 
tivity  are  rapidly  suppressed  and  eventually  become  undetectable. 
The  line  in  the  right  hand  side  of  the  figure  represents  the  esti¬ 
mated  values  of  the  Kondo  temperature  Tk*  After  ref.  [34]. 


X(T),  However,  the  applicability  of  these  models  requires 
particular  f-electron  ground  states  in  the  presence  of  the 
crystalline  electric  field  of  the  material  under  consideration 
[33,34].  In  our  analysis  of  the  specific  heat  data  for  f-electron 
systems  which  exhibit  NFL  behavior,  we  have  operationally 
applied  the  two  channel  spin  1/2  Kondo  model  formula  for 
C(T)  without  rigorous  justification. 

An  interesting  example  of  NFL  behavior  in  a  strongly 
correlated  f-electron  system  is  found  in  Ui-xThxPdaAla  in 
the  concentration  range  0.4  x  <  1  where  an  uncon¬ 
ventional  Kondo  effect  is  observed.  The  parent  compound 
UPd2Al3  is  a  heavy  fermion  antiferromagnetic  supercon¬ 
ductor  with  Tn  =  14.6  K  and  Tc  «  2  K  that  crystallizes 
in  the  hexagonal  PrNi2Al3  structure  [7].  The  compound 
UPd2  AI3  has  the  highest  Tc  of  the  heavy  fermion  supercon¬ 
ductors  and  an  ordered  moment  of  0.85  [15],  much  larger 

than  the  small  ordered  moments  (w0.02  ^b)  observed  for 
URu2Si2  [12]  and  UPt3  [9],  two  other  heavy  fermion  com¬ 
pounds  in  which  superconductivity  and  AFM  coexist  with 
Tc  <  Tn.  The  antiferromagnetic  structure  of  UPd2Al3  con¬ 
sists  of  alternating  ferromagnetic  sheets,  with  the  moments 
lying  in  the  hexagonal  basal  plane  [15].  The  temperature  de¬ 
pendence  of  the  upper  critical  field  is  consistent  with  singlet 
superconductivity  and  the  antiferromagnetic  transition  ap¬ 
pears  to  involve  the  opening  of  a  30  meV  gap  over  part  of 
the  Fermi  surface  [13],  similar  to  that  observed  in  URu2Si2 
[11]. 

The  low  temperature  phase  diagram  of  the  Ui_xThxPd2Al3 
system,  based  upon  measurements  of  p(T),  C(T),  and  x(T), 
is  shown  in  Fig.  2.  As  the  Th  concentration  x  is  increased, 

Tn  and  Tc  decrease  slightly,  but  the  features  associated 
with  AFM  and  superconductivity  are  rapidly  suppressed 
and  eventually  become  undetectable.  The  line  in  the  right 
hand  side  of  the  figure  represents  the  estimated  value  of  the 
Kondo  temperature  Tr,  inferred  from  p(T),  C(T),  and  x(T). 
However,  this  phase  diagram  is  incomplete  near  x  =  1 .  Dur¬ 
ing  the  course  of  our  investigation  of  the  Ui_xThxPd2Al3 
system,  we  discovered  that  the  compound  ThPd2Al3  is  su¬ 
perconducting  with  a  Tc  =  0.2  K.  To  our  knowledge,  this 
is  the  first  case  where  an  isostructural  counterpart  based 
on  a  rare  earth  or  actinide  element  with  an  empty  or  filled 
f-shell  (i.e..  Sc,  Y,  La,  Lu,  Th)  of  a  Ce  or  U  heavy  fermion 
superconductor  is  also  superconducting.  Measurements  to 
determine  the  Tc(x)  curve  for  the  Ui^xThxPd2Al3  system 
near  x  =  1  are  currently  in  progress. 

Electrical  resistivity  p(T)  measurements  on  the  Ui-xThxPd2Al3 
system  reveal  Kondo  like  behavior  in  which  the  contri¬ 
bution  due  to  scattering  from  the  U  ions  increases  with 
decreasing  temperature.  However,  the  Kondo  like  behavior 
in  the  range  0.4  x  <  1  appears  to  be  unconventional  in 
the  sense  that  the  U  contribution  to  p(T)  is  linear  between 
a  few  K  and  about  20  K,  similar  to  that  of  the  Mi-xUxPds 
(M  =  Sc,  Y)  system  [33,34].  At  temperatures  below  a  few 
K,  p(T)  levels  off,  indicating  a  cross-over  from  NFL  to  FL 
behavior  as  the  temperature  decreases.  Within  the  context 
of  a  multichannel  Kondo  mpdel,  this  would  suggest  that  the 
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Fig.  3.  Specific  heat  divided  by  temperature  C/T  vs  T  of 
Ui-xThxPd2Al3  for  various  values  of  x  between  0  and  1.  After 
ref.  [34]. 

degeneracy  of  the  conduction  electron  channels  or  the  lo¬ 
calized  electron  spin  or  charge  degrees  of  freedom  has  been 
lifted  by  some  residual  interaction,  producing  an  evolution 
towards  single  channel  behavior.  In  the  range  4  K  <  T  <20 
K,  the  U  contribution  to  the  resistivity  can  be  described  by 
the  relation  Ap(T)  =  Ap(0)(l  -  a(T/TK)”)  with  n  «  1  and  a 
=  0.1  for  Tk  values  consistent  with  those  inferred  from  the 
specific  heat  for  various  values  of  x  between  0.6  and  0.95. 

Displayed  in  Fig.  3  are  plots  of  C/T  vs  log  T  for  the 
Ui_xThxPd2Al3  system  with  various  values  of  x  between  0 
and  1.  The  specific  heat  anomalies  due  to  AFM  at  Tn  and 
superconductivity  at  Tc,  which  are  evident  in  the  data  for 
X  =  0,  are  rapidly  suppressed  with  increasing  x,  similar  to 
what  is  observed  in  the  Ui-xThxRu2Si2  system  [35].  A  In  T 
divergence  in  the  C/T  data,  emerging  in  the  sample  with  x 
=  0.2,  is  fully  developed  for  the  samples  with  x  =  0.4,  0.6 
and  0.8.  The  results  of  an  extension  of  the  measurements 
on  the  samples  with  x  =  0.4,  0.6,  and  0.8  shown  in  Fig.  3 
down  to  a  100  mK  are  displayed  in  Fig.  4  as  plots  of  C/T, 
per  mol  U-K^  vs  log  T.  Analysis  of  the  specific  heat  data 
in  terms  of  the  two-channel  spin  1/2  Kondo  formula  yields 
values  of  Tk  of  «20  K. 

For  values  of  x  >  0.2,  x(T)  follows  a  Curie-Weiss  law 
between  «50  K  and  300  K;  the  effective  magnetic  moment 
/ieff  and  Curie-Weiss  temperature  0p  vary  somewhat  with 
X  and  have  values  /Jeff  «  2.4  /Jb  and  0p  «  -40  K  in  the 
NFL  regime  x  >  0.8.  Since  for  Kondo  systems,  |0p|  «  3 


Fig.  4.  Low  temperature  specific  heat  divided  by  temperature  C/T 
vs  log  T  for  Ui_xThxPd2Al3  alloys  with  x  =  0.4,  0,6,  and  0.8  to 
temperatures  as  low  as  wlOO  mK. 

-  4  Tk,  this  suggests  a  value  Tk  «  10  K,  in  reasonable 
agreement  with  values  of  Tk  obtained  from  the  scaling  of  the 
electrical  resistivity  and  specific  heat.  At  lower  temperatures, 
the  x(T)  data  can  be  described  by  the  relation  x(T)  =  x(0Xl 

-  c(T/Tk)^^^),  with  values  of  Tk  in  reasonable  agreement 
with  those  obtained  from  p(J)  and  C(T)  for  c  =  1.15. 

Some  of  the  interest  in  non  Fermi  liquid  behavior  in 
strongly  correlated  electron  systems,  particularly  copper  ox¬ 
ides  and  f-electron  materials,  is  associated  with  the  uncon¬ 
ventional  superconductivity  found  in  these  two  classes  of 
materials.  In  spite  of  the  disparity  in  the  values  of  Tc,  which 
are  as  high  as  w  1 33  K  for  the  copper  oxide  superconductors 
but  only  ;S2  K  for  the  f-electron  heavy  fermion  materials, 
the  superconducting  states  of  both  of  these  materials  share 
some  striking  similarities  —  the  superconducting  state  ap¬ 
pears  to  be  anisotropic,  with  an  energy  gap  that  may  vanish 
at  points  or  lines  on  the  Fermi  surface,  and  the  supercon¬ 
ducting  electron  pairing  may  be  mediated  by  antiferromag¬ 
netic  spin  fluctuations.  An  understanding  of  the  source  of 
the  NFL  behavior  in  these  systems  may  provide  important 
information  about  the  electronic  structure  and  excitations 
in  these  systems,  as  well  as  the  origin  of  the  unconventional 
superconductivity. 


5.  POSSIBLE  OBSERVATION  OF  THE 
FULDE-FERREL1--LARKIN--OVCHINNIKOV 
SPATIALLY  NONUNIFORM  SUPERCONDUCTING 
STATE 

Thermal  expansion  in  high  magnetic  fields  and  magne¬ 
tostriction  measurements  on  a  single  crystal  specimen  of  the 
antiferromagnetic  heavy  fermion  superconductor  UPd2Al3 
by  Gloos  et  al.  [36]  have  revealed  the  existence  of  a  first 
order  phase  transition  within  the  superconducting  state  dis¬ 
tinctly  below  Tc  and  somewhat  below  the  upper  critical  field 
curve.  The  authors  have  interpreted  this  as  evidence  for  the 
existence  of  a  spatially  nonuniform  superconducting  state 
in  the  presence  of  a  magnetic  field  acting  on  the  spins  pre- 


Recent  issues  in  the  physics  of  heavy  fermion  materials 


1967 


dieted  independently  by  Fulde  and  Ferrel  [37]  and  Larkin 
and  Ovchinnikov  [38]  (referred  to  as  the  FFLO  state).  In 
the  FFLO  state,  the  superconducting  order  parameter  is 
spatially  modulated  with  a  wavevector  q  of  order  5^^  the 
inverse  of  the  superconducting  coherence  length  at  T  =  0  K. 
The  FFLO  state  occurs  only  at  temperatures  smaller  than 
«0.55  Tc  for  a  type  I  superconductor,  and  the  transition  be¬ 
tween  the  nonuniform  state  and  the  ordinary  uniform  state 
is  first  order.  Norman  [39]  has  recently  derived  a  formula 
for  the  upper  critical  field  for  the  FFLO  state  at  all  temper¬ 
atures  in  the  clean  limit  and  found  that  the  ratio  T/Tc  for 
a  type  II  superconductor  is  less  than  0.55,  the  value  previ¬ 
ously  derived  for  a  type  I  superconductor.  From  fits  to  the 
UPd2  AI3  data,  he  concludes  that  this  ratio  should  be  zero  or 
considerably  less  than  0.55,  calling  into  question  the  FFLO 
interpretation  of  the  data.  Evidently,  further  research  will  be 
required  to  ascertain  whether  the  remarkable  H  -  T  phase 
diagram  of  UPdz AI3  is  associated  with  the  FFLO  state. 

Another  f-electron  material  that  exhibits  superconduct¬ 
ing  behavior  in  a  magnetic  field  that  is  reminiscent  of  that  of 
UPd2Al3  is  CeRu2.  The  compound  CeRu2  has  a  Tc  of  6.1 
K,  the  highest  Tc  of  any  intermetallic  compound  of  Ce,  and 
crystallizes  in  the  cubic  Cl 5  structure  [40].  Combined  reso¬ 
nant  photoemission  and  Bremsstrahlung  isochromat  spec¬ 
troscopy  spectra  for  CeRu2  reveal  a  large  amount  of  Ce  4f 
spectral  weight  in  the  vicinity  of  the  Fermi  level  [41]. 

Magnetization  measurements  on  CeRu2  indicate  that 
there  are  two  irreversible  regions,  one  at  low  fields  and  the 
other  right  below  the  upper  critical  field  Hc2  [42,43,44].  By 
plotting  the  magnetic  field  Ha  at  which  the  M(H)  hystere¬ 
sis  loop  closes  at  lower  field  and  the  upper  critical  field 
Hc2  at  which  M(H)  attains  its  normal  state  value,  an  H  vs 
T  phase  diagram  similar  to  that  of  UPd2Al3  is  obtained, 
suggesting  the  possibility  of  a  common  origin.  Shown  in 
Fig.  5(a)  is  an  M  vs  H  isotherm  at  2  K  for  CeRu2,  taken 
from  our  own  work  [45],  which  illustrates  the  irreversible 
feature  near  Hez  and  how  Ha  and  Hez  are  defined.  The 
corresponding  H  vs  T  phase  diagram  for  CeRuz  is  shown 
in  Fig.  5(b).  One  possible  explanation  for  the  hysteresis 
near  Hez  is  the  so-called  peak  effect  [46]  in  which  the  soft¬ 
ening  of  the  shear  modulus  of  the  flux  line  lattice  near  Hez 
results  in  the  spatial  redistribution  of  flux  lines  so  that  they 
come  into  registry  with  pinning  centers,  thus  increasing  the 
pinning.  Another  possibility  is  the  formation  of  the  FFLO 
state  between  Ha  and  Hez  which  could  involve  stronger 
pinning  due  to  the  spatially  nonuniform  character  of  the 
FFLO  state.  Further  experiments  are  needed  to  clarify  the 
relationship  between  the  superconducting  phenomena  in 
a  magnetic  field  exhibited  by  UPdzAls  and  CeRuz  and  to 
unravel  the  mystery  of  how  these  phenomena  originate. 
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Fig.  5.  (a)Magnetization  M  vs  magnetic  field  H  isotherms  for 
CeRuz  at  several  temperatures  between  2  K  and  4.3  K.  The  symbol 
Ha  denotes  the  field  at  which  the  M(H)  hysteresis  loop  closes  at 
lower  field  and  the  upper  critical  field  Hez  is  defined  as  the  field 
at  which  M(H)  attains  its  normal  state  value.  (b)Magnetic  field  H 
vs  temperature  T  phase  diagram  for  CeRuz  delineating  the  mixed 
state  superconducting,  irreversible  superconducting,  and  normal 
regions. 
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Abstract— The  author  stayed  awake  almost  all  the  time,  awed  by  the  responsibility  of  having  to  seem 
intelligent.  Nevertheless,  much  of  the  work  presented  was  beyond  his  grasp. 


1.  INTRODUCTION 

The  theme  of  this  meeting  was  the  fundamental  physics  of 
cuprate  superconductors,  and  how  various  spectroscopies 
help  to  unravel  their  mysteries.  Few  of  the  theorists  present 
claimed  to  understand  these  materials.  Table  1  is  a  rough 
outline  of  the  conference.  Although  at  least  10  supercon¬ 
ducting  mechanisms  were  discussed,  with  varying  degrees 
of  Divine  or  empirical  support,  nevertheless,  the  mood  was 
optimistic. 

2.  OLD  PROBLEMS  SOLVED 

Two  of  the  oldest  questions  now  seem  settled. 

Nodes  in  the  gap 

Direct  evidence  from  interference  and  fractional  flux  in 
loops,  combined  with  indirect  evidence  of  low  energy  elec¬ 
tronic  excitations,  convinced  nearly  all  participants  that 
there  are  nodes  in  the  gap  Aa:  in  the  directions  of  /:-space  of 
a  dx2-j;i  order  parameter  in  YBa2Cu307.  Indirect  evidence 
is  available  for  the  hole-doped  bismuth,  thallium  and  mer¬ 
cury  compounds.  However,  the  electron-doped  Nd2Cu04 
and  the  cubic  non-cuprate  BaBiOs  may  have  clean  gaps  with 
no  nodes.  Near  unanimity  on  this  previously  contentious 
subject  is  a  testimony  to  the  incisive  experiments.  Not  all 
participants  share  the  view  that  the  positions  of  the  nodes 
should  be  interpreted  as  demanding  an  =  2  order  param¬ 
eter  symmetry. 

Specific  heat 

Experiments  on  YBa2Cu307  by  Moler  et  al  clarify  this 
previously  murky  area.  The  new  results  are  consistent  with  a 
gap  with  nodes.  The  =  0  linear  term  yT  seems  extrinsic, 
and  part  of  it  disappears  when  samples  are  detwinned.  This 
suggests  that  twin  boundaries  have  bound  states  within  the 
gap  down  to  arbitrarily  low  energies.  Perhaps  this  is  an 


^  On  leave  from  Dept,  of  Physics,  SUNY,  Stony  Brook,  New  York  1 1 794- 
3800,  U.S.A. 


Table  1.  Conference  Statistics 


Talks  58 

Theoretical  talks  24 

Posters  98 

Theoretical  posters  39 

Mechanisms  10 

Smoking  guns  5 

Batteries  of  smoking  guns  1 

Appeals  to  Divine  Authority  3 


Requests  for  Divine  Intervention  2  * 

3  including  this  speaker 

“intrinsic”property  of  a  order  parameter  crossing  a 

90^"  twin  boundary. 


3.  OLD  PROBLEMS  STILL  DISCUSSED 

Since  the  early  months  of  high  Tc  superconductivity,  cer¬ 
tain  difficult  issues  appeared  important  and  probably  cen¬ 
tral.  Our  inability  to  lay  these  problems  to  rest  is  vexing. 
However,  progress  was  evident  at  the  meeting. 

How  is  a  Mott  insulator  doped? 

Experimentally,  a  “Mott  insulator”  is  a  material  like  NiO 
or  La2Cu04  with  antiferromagnetic  order  at  low  T  which 
remains  insulating  even  above  its  Neel  temperature.  Most 
Mott  insulators  are  difficult  to  “dope”  into  the  metallic 
state.  Fortunately,  La2Cu04  is  not.  Imai  showed  by  NMR 
(1  /7i)  how  magnetic  fluctuations  at  a  copper  nucleus  evolve 
as  a  system  is  doped.  Interestingly,  all  doping  dependence 
disappears  at  high  enough  temperature  (>  600  K).  Birge- 
neau  indicated  that  the  evolution  of  magnetic  behavior  is 
different  for  the  “n-doped”  and  “p-doped”  materials.  The¬ 
oretically,  a  Mott  insulator  is  usually  modelled  by  a  Hub¬ 
bard  Hamiltonian  with  strong  coupling  and  half  filling,  or 
by  an  equivalent  “/7”  Hamiltonian.  It  is  not  totally  obvious 
that  these  simplified  Hamiltonians  contain  all  the  relevant 
physics  of  the  experimental  systems.  Nevertheless,  theory 
and  experiment  share  the  property  that  it  is  hard  to  un¬ 
derstand  what  happens  when  a  few  electrons  or  holes  are 
added.  Kotliar’s  talk  summarized  recent  advances  in  the 
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added.  Kotliar’s  talk  summarized  recent  advances  in  the 
theory  of  this  subject,  focusing  on  the  effort  to  find  an  an¬ 
alytic  approach  which  incorporates  information  from  exact 
answers  in  Z)  =  1  or  D  =  oo. 

Is  superconductivity  inherent  in  a  Id  doped  Hubbard  system? 

In  other  words,  can  an  on-site  repulsive  interaction  alone 
cause  superconductivity  when  the  carrier  density  and  crys¬ 
tallography  are  optimal?  This  question  of  principle  is  still 
not  solved.  Few  theorists  are  happy  to  rely  on  the  Hub¬ 
bard  Hamiltonian  alone.  Pines  uses  phenomenological  in¬ 
put  that  goes  outside  the  Hubbard  model,  while  Schrieffer 
differs  primarily  in  having  spin  fluctuations  and  supercon¬ 
ductivity  more  spatially  localized.  Anderson  uses  strong  2d 
correlations  but  gets  superconductivity  from  external  at¬ 
tractive  sources.  Rice  shows  how  two  coupled  half-filled  tJ 
chains  (experimentally  realized  in  SrCu203)  have  an  inter¬ 
esting  magnetic  state  suggestive  of  d^i-y;!  superconducting 
pairing. 

Normal  state  anomalies 

Apart  from  magnetic  fluctuations  probed  by  NMR  and 
neutron  scattering,  there  was  diminished  discussion  of  the 
other  ''anomalies”  seen  in  the  normal  state  of  the  high 
Tc  cuprates.  It  is  difficult  to  take  a  global  view  of  these 
anomalies,  because  they  are  sample-dependent,  and  change 
qualitatively  with  different  degrees  of  doping.  Other  exotic 
metals  show  similar  anomalies,  making  it  unclear  which 
aspects  of  the  strange  normal  state  behavior  are  central  to 
superconductivity.  Perhaps  this  old  problem  does  not  have 
to  be  solved  right  now. 

4.  NEW  PUZZLES  AND  PROBLEMS 

A  good  indicator  of  health  in  a  field  is  a  steady  stream 
of  new  puzzles  which  focuses  the  mind  on  potentially  sol¬ 
uble  issues  and  productive  directions.  Many  examples  were 
discussed  at  this  meeting,  of  which  I  mention  a  few. 

Neutrons  vs  NMR 

Walstedt  reported  that  the  relaxation  rates  1  /  T\  and  1  /  Ta 
on  both  oxygen  and  copper  nuclei  cannot  yet  be  reconciled 
with  the  information  about  spin  fluctuations  available  from 
neutron  scattering. 

The  ''dip''  feature 

Fischer  reported  tunneling  spectra  on  Bi2Sr2CaCu208 
taken  by  an  STM  together  with  experimental  proof  of  true 
vaccuum  tunneling  and  of  surface  homogeneity.  The  7=0 
spectra  show  a  very  small  zero  bias  conductance  indicat¬ 
ing  very  few  electron  states  right  at  the  Fermi  energy  but 


consistent  with  a  gap  with  lines  of  nodes.  The  spectra  are 
markedly  asymmetric  with  bias  polarity,  and  show  a  strong 
oscillation  or  "dip”  in  the  state  density  below  the  Fermi 
surface,  correlating  with  features  seen  earlier  in  photoemis¬ 
sion  (ARPES)  and  in  "break-junction”  tunnel  spectroscopy. 
This  feature  possibly  correlates  with  "flat  bands”  seen  in 
photoemission. 

How  many  sheets  does  the  Fermi  surface  have? 

ARPES  data  for  Bi2Sr2CaCu208  claim  sufiSdent  resolu¬ 
tion  that  it  is  now  puzzling  that  only  one  sheet  of  Fermi 
surface  is  seen,  where  the  Cu02  bilayer  structure  ought  to 
support  two  sheets. 

Does  the  insulating  state  agree  with  the  tJ  model? 

The  magnetic  state  of  undoped  insulating  cuprates  agrees 
well  with  a  Heisenberg  Hamiltonian  according  to  theories 
and  experiments  now  several  years  old.  Are  the  charged 
exdtations  of  the  insulators  in  similar  agreement  with  the 
Hamiltonian?  Monte  Carlo  calculations  are  advanced 
enough  to  compare  with  ARPES  experiments  recently  re¬ 
ported  on  the  layered  cuprate  Mott  insulator  Sr2Cu202Cl2. 
Wells  and  Laughlin  addressed  this  issue  from  experimental 
and  theoretical  perspectives,  and  agreed  that  data  and  the¬ 
ory  accord  well  along  the  direction  (0,0)  to  but  not 

along  the  direction  (0,0)  to  (0,7r)  or  the  direction  (0,7r)  to 
(tTjO).  This  may  be  connected  with  the  fact  that  a  naive  hole, 
moving  in  real  space  from  (0,0)  to  (a, a)  does  not  flip  an¬ 
tiferromagnetic  spins,  while  one  moving  from  (0,0)  to  (0,a) 
does. 

Robustness  of  strange  superconductivity 

It  has  always  been  a  puzzle  why  high  To  is  so  robust;  an 
illustration  was  given  by  Dynes  on  radiation-damaged  sam¬ 
ples.  Bonn  emphasized  the  robustness  of  the  «  =  1  expo¬ 
nent  in  the  low  T  penetration  depth  A(7’)  -  A(0)  oc  7".  In 
BCS  theory,  a  (i-wave  superconductor  becomes  easily  gap¬ 
less,  and  the  corresponding  exponent  becomes  n  =  2.  Ex¬ 
periments  show  that  this  is  surprisingly  difficult  to  achieve. 

ARPES  lineshapes 

A  deeper  understanding  of  ARPES  spectra  is  needed,  for 
example,  to  get  intrinsic  lifetime  broadenings  of  quasipar¬ 
ticle  states.  J.  W.  Allen  discussed  his  efforts  to  do  this  for 
a  true  2D  Fermi  liquid,  TiTe2.  Norman  and  Randeria  have 
emphasized  and  checked  a  sum  rule  on  the  integrated  inten¬ 
sity  at  the  Fermi  level.  Bansil  showed  that  the  simplified  "3 
step”  model  which  relates  ARPES  to  single  particle  spec¬ 
tral  information  can  differ  substantially  from  the  results  of 
a  full  "1  step”  calculation. 
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Josephson  coupling  of  s  to  d-wave  superconductors 

The  observed  Josephson  coupling  in  edge  junctions  be¬ 
tween  Pb  and  heavily  twinned  crystals  of  YBa2Cu307  indi¬ 
cates  that  at  twin  boundaries  (where  x  andj;  interchange)  the 
dxt-yi.  order  parameter  acquires  an  extra  phase  change  of  tt 
in  order  not  to  change  sign.  Thus  the  edge  presents  an  or¬ 
der  parameter  of  fixed  phase  and  Josephson  coupling  is  not 
inhibited.  But  c-axis  Josephson  junctions  with  Pb  have  been 
studied  by  Dynes,  and  these  also  have  a  non-zero  Josephson 
coupling.  In  a  perfect  experiment  with  a  perfect  d^i-^  order 
parameter,  c-axis  Josephson  coupling  should  vanish.  How¬ 
ever,  the  orthorhombic  symmetry  of  YBa2Cu307  causes  the 
actual  order  parameter  to  have  some  5'-Iike  admixture.  In  a 
single  domain  sample  this  would  permit  c-axis  Josephson 
coupling.  However,  in  heavily  twinned  samples  with  phase 
changes  of  tt,  the  5-component  of  the  order  parameter  al¬ 
ternates  in  sign,  so  again  no  Josephson  coupling  should  oc¬ 
cur.  One  possible  way  out  of  this  dilemma  is  if  the  relative 
phase  of  the  order  parameter  in  different  domains  is  fixed 
by  the  current  rather  than  the  boundary  free  energy. 

5.  NEW  PROBLEMS  ALREADY  SOLVED 

The  conference  included  several  reports  of  new  work 
where  the  chief  issues  are  already  resolved. 

tJ  ladders 

As  discussed  by  Rice,  these  systems  are  understood,  pro¬ 
viding  a  glimpse  of  how  D  -  \  tJ  physics  might  spread  into 
Z)-2. 

Vortex  structure  of  dx2  _y2  superconductors 

Kallin  reported  a  description  of  the  nature  of  an  isolated 
Abrikosov  vortex  in  a  superconductor  with  a  order 
parameter. 

5.1,  Transverse  magnetothermal  ejfect 

Ong  reported  a  measurement  of  the  transverse  tempera¬ 
ture  gradient  when  heat  flows  in  a  perpendicular  magnetic 
field.  This  is  the  thermal  analog  of  the  Hall  effect,  and  has 
two  advantages  over  previously  measured  quantities.  First, 
being  a  thermal  rather  than  electrical  transport  property,  it 
occurs  in  the  superconducting  as  well  as  the  normal  state. 


Table  2.  Memorable  Quotes 


ZF  ^‘Superconductivity  is  an  epiphenomenon.” 

AAA  “God  is  lazy,  and  will  not  create  a  new  theory  if  He 
can  manage  with  the  old  one.” 

RCD  “The  experimenters  will  understand — get  all  the  com¬ 
puters  out  of  the  lab.”  * 

PA  “Why  only  spaghetti?  There’s  also  PIZZA!”  i 
TMR  “i/-wave  superconductivity  can  be  viewed  as. . .  a  quan¬ 
tum  melted  striped  phase.”  ^ 

MVK  “Start  from  the  left,  rather  than  the  right!  Follow  the 
red  line,  rather  than  the  blue!”  § 

BOW  “Sorry  about  these  transparencies.”^ 

GA  “I’m  looking  forward  to  changing  my  tune  when  the 
statistics  improve.” '' 

TI  “So  far  so  good!. . .  But,  there  is  a  problem. . . 

Some  theorists  showed  up!. . . 

Sokol  and  Pines. . . 

Why  do  you  laugh?  I  don’t  get  it.” 

PAL  “OH!  We  never  try  to  put  NUMBERS  in!” _ 

*  Theorists  have  an  equally  valid  understanding. 

^  Bands  may  be  spaghetti  to  some,  but  the  “shadow  bands”  seen  in 
photoemission  are  not  just  for  breakfast  either. 

^  Most  enigmatic  theory  award. 

§  For  the  politically  naive:  left  =  red  =  Mott  insulator;  right  =  blue  = 
band  metal. 

^  Damaged  by  the  motel  air  conditioner  the  previous  night. 

II  Most  honest  experiment  award. 

Second,  unlike  the  77  =  0  case  where  heat  is  carried  by  both 
phonons  and  electrons,  the  magnetic  effect  must  be  caused 
only  by  charged  excitations.  Ong  has  used  this  to  extract  a 
carrier  lifetime  in  the  superconducting  state,  and  in  common 
with  other  measurements,  it  increases  rapidly  as  tempera¬ 
ture  falls,  consistent  with  scattering  from  other  condensing 
particles,  but  probably  inconsistent  with  scattering  from  de¬ 
fects  or  non-condensing  particles  like  phonons.  One  might 
expect  that  scattering  from  phonons  should  occur  at  some 
level,  but  there  isn’t  much  room  for  it  in  the  data. 

6.  SUMMARY 

The  organizers  can  be  commended  for  a  timely  and  stim¬ 
ulating  meeting.  Thanks  to  dramatic  experimental  progress, 
the  field  of  high  superconductivity  seems  healthy.  Par¬ 
ticipants  were  relaxed  and  uninhibited,  as  the  collection  of 
verbatim  quotations  in  Table  2  illustrates. 
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In  the  preface  to  a  book  describing  his  first  encounter  with 
Richard  Feynman  whom  he  w^as  filming  for  a  BBC  docu¬ 
mentary,  Christopher  Sykes  describes  Feynman’s  Thursday 
morning  lecture.  Feynman  was  solving  a  problem  and  time 
was  running  out.  He  told  the  students,  “There  are  two  ways 
of  dealing  with  this  problem,  one  is  complicated  and  messy; 
the  other  is  simple  and  elegant.  We  don’t  have  much  time  so 
I’ll  just  do  the  complicated  messy  way”  (from  No  Ordinary 
Genius,  Christopher  Sykes,  W.W.  Norton,  NY  and  London, 
1994). 

Most  of  us  would  like  to  be  two-thirds  as  effective  as 
Feynman,  so  that’s  why  I  may  be  complicated  and  messy — 
even  if  I’m  not  short. 

In  keeping  with  the  theme  of  this  conference,  I  want 
to  discuss  the  gap,  not  the  one  we  have  been  discussing 
all  day,  but  rather  the  gap  that  exists  between  the  ground 
state  of  science  in  the  U.S.  and  the  occasionally  exciting 
technological  states  it  can  excite. 

Much  of  what  I  will  say  comes  from  a  new  book — The 
Cultural  Clash,  by  Stephen  Goldberg,  a  law  professor  at 
Georgetown  University  who  has  been  on  the  U.S.  Nuclear 
Regulatory  Commission  and  teaches  a  seminar  on  law  and 
science. 

Within  the  scientific  and  the  law  communities  individu¬ 
ally  there  is  coherence,  but  there  is  no  overlap.  Goldberg 
routinely  asks  his  law  class  to  write  down  spontaneously 
the  name  of  the  most  brilliant  person  who  ever  lived.  The 
choices  always  fall  into  the  same  categories— scientists,  most 
frequently  Einstein  or  Newton,  or  humanists,  most  fre¬ 
quently  Shakespeare  or  Mozart.  One  thing  is  certain.  No 
one  ever  mentions  a  lawyer — ^no  Holmes,  no  Brandeis — ^and 
it  can’t  be  due  to  lack  of  familiarity.  It’s  because  of  the  differ¬ 
ent  cultures.  Science  is  cumulative.  As  Thomas  Kuhn  notes, 
it  jumps  ahead  by  new  paradigms  which  are  introduced  by 
the  brilliant  giants  and,  subsequently,  is  expanded  and  re¬ 
fined  by  us  ordinary  mortals.  Such  is  illustrated  by  New¬ 
ton’s  Principia  which  offered  a  new  way  of  thinking  about 
heaven  and  earth  for  centuries,  until  it  was  supplanted  by  a 
new  paradigm. 

On  the  other  hand,  law  is  process-oriented.  The  US 
Supreme  Court  noted  in  a  controversial  case  involving  the 
anti-nausea  drug  Bendictin  in  1993,  “There  are  important 
differences  between  the  quest  for  truth  in  the  courtroom 
and  the  quest  for  truth  in  the  laboratory.  Scientific  conclu¬ 
sions  are  subject  to  perpetual  revision.  Law,  on  the  other, 
must  resolve  disputes  finally  and  quickly.”  The  communities 


have  correspondingly  different  modus  operandL  In  science, 
priority  is  fundamental.  This  is  true  regardless  of  whether 
the  recognition  is  immediate,  as  with  Bednorz  and  Mueller  s 
discovery  in  the  cuprates,  or  whether  the  importance  was 
appreciated  only  much  later,  as  with  Dennis  Gabor  s  optical 
holography,  or  even  when  the  rediscovery  is  so  late  that  it  is 
done  by  future  generations  (if  the  retrieval  system  is  good 
enough)  as  with  Mendel’s  laws  of  inherited  characteristics. 
The  laws  were  rediscovered  decades  later  after  Darwin’s  pro¬ 
posal  that  evolution  proceeds  via  mutations,  but  they  are 
still  known  as  Mendel’s  Laws  derived  from  his  experiments 
with  sweet  peas. 

In  law,  the  original  concept  is  less  important  than  the 
original  application.  Consider  the  right  to  have  control  of 
the  information  of  one’s  own  genetic  makeup.  How  does 
this  come  about?  It  derives  from  the  development  of  laws 
concerning  privacy.  In  1928  Brandeis  wrote  a  famous  dis¬ 
sent  calling  for  constitutional  protection  against  unreason¬ 
able  searches  and  wiretapping.  This  was  eventually  adopted 
by  the  Supreme  Court  which  used  his  brief  that  the  makers 
of  the  constitution  “conferred,  as  against  the  Government, 
the  right  to  be  let  alone— the  most  comprehensive  of  rights 
and  the  right  most  valued  by  civilized  men”.  Even  though 
the  words  come  directly  from  Thomas  Cooley,  a  well-known 
law  professor  and  member  of  the  Supreme  Court  of  Michi¬ 
gan  in  the  late  1880s,  Brandeis  is  credited  with  introducing 
the  “right  to  be  let  alone”  because  he  was  responsible  for 
introducing  the  concept  into  the  practice. 

Basic  research  has  flourished  under  the  control  of  basic 
researchers  not  because  science  is  free  of  legal  control,  as 
Goldberg  notes,  but  because  the  legal  system  we  have  gives 
power  to  the  scientific  community.  Consider  the  recent  case 
of  the  Board  of  Trustees  of  Stanford  University  vs  Sulli¬ 
van.  The  NIH  awarded  a  five-year  contract  for  heart  re¬ 
search  with  a  requirement  that  the  government  contracting 
officer  be  given  45  days  advance  notice  of  intent  to  pub¬ 
lish  preliminary  findings.  If  the  contracting  officer  objected, 
further  review  was  available.  The  government’s  basis  was  a 
desire  to  prevent  the  Stanford  researcher  from  publishing 
“unvalidated  findings”  that  “could  create  erroneous  conclu¬ 
sions  which  might  threaten  public  health  or  safety  if  acted 
upon”.  The  case  was  decided  by  Judge  Harold  H.  Greene, 
whom  many  of  us  remember  from  his  tough  stands  in  the 
breakup  of  AT&T.  Judge  Greene’s  verdict  was  that  the  gov¬ 
ernment  was  overstepping,  stressing  that  it  would  be  trou¬ 
bling  to  have  a  non-scientist  contracting  officer  “tell  Stan- 
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ford  University,  a  premiere  academic  institution  engaged  in 
significant  scientific  and  medical  research”  what  constituted 
“unvalidated  findings”. 

Science  has  been  treated  well  by  our  courts.  Respect, 
even  reverence,  for  science  can  be  traced  back  to  the  age-of- 
enlightenment  reaction  to  the  persecution  of  Galileo  cen¬ 
turies  earlier.  Alexander  Pope  wrote:  “Nature  and  Nature’s 
Laws  laid  hid  in  night;  God  said  let  Newton  be!  and  all 
was  light”.  The  founding  fathers  did  not  suffer  from  C.P. 
Snow’s  art/science  gap;  they  were  well  educated.  Oft-cited 
Benjamin  Franklin  is  of  course  exceptional,  but  he  is  not 
an  exception.  James  Madison  and  Alexander  Hamilton  had 
science  and  math  interests.  Thomas  Jefferson  wrote  to  the 
president  of  Harvard  in  1789,  “We  have  spent  the  prime  of 
our  lives  in  procuring  for  the  students  at  Harvard  the  bless¬ 
ing  of  liberty.  Let  them  spend  theirs  in  showing  that  liberty 
is  the  great  parent  of  science  and  of  virtue,  and  that  a  nation 
will  be  great  in  both  always  in  proportion  as  it  is  free”. 

With  technology,  the  tables  are  turned.  The  legal  sys¬ 
tem  stresses  adversary-style  settings  and  the  lawyers’  pro¬ 
cess  dominates.  Ideas  that  are  outstanding  from  a  scientific 
point  of  view  are  just  one  point  of  view.  Quoting  Goldberg 
again,  “So  long  as  our  products  are  incubated  in  a  setting  in 
which  scientific  norms  dominate,  and  are  born  into  a  world 
in  which  legal  norms  reign,  smooth  transitions  will  be  the 
exception”. 

In  the  Bendictin  case  in  1993,  the  Supreme  Court  over¬ 
ruled  a  lower  court  and  held  that  the  Federal  Rules  of  Ev¬ 
idence  displaced  the  generally  accepted  reliance  upon  sci¬ 
entific  community  norms — ^thus  rejecting  the  briefs  submit¬ 
ted  by  the  American  Physical  Society  and  other  organiza¬ 
tions  that  juries  should  be  screened  from  junk  science.  The 
Supreme  Court  said  that  the  judge  should  be  a  flexible  gate 
keeper  and  that  “evidentiary  reliability  will  be  based  upon 
scientific  validity”. 

The  good  old  days  are  history  and  Vannvar  Bush’s  “End¬ 
less  Frontier”  is  going  the  way  of  our  western  frontier.  The 
promise  that  the  endless  frontier  justifies  funding  the  “free- 
play  of  free  intellects”  is  no  longer  accepted;  we  are  learning 
to  accept  more  goal-oriented  research.  We  should  recall  the 
reply  to  Queen  Victoria  when  she  asked  what  good  electric¬ 
ity  would  be  now  that  Maxwell  and  Faraday  finally  under¬ 
stood  it  which  was,  “Madam,  some  day  you’ll  be  able  to  tax 
it”.  It  v/ould  be  a  disservice  to  our  generation  and  to  future 
generations  if  we  were  to  allow  the  pendulum  to  swing  too 
far  and  curiosity-driven  research  were  allowed  to  wither. 

On  the  technology  side  of  the  gap,  universities  have  a 
major  long-range  role  to  play  because  it  is  at  the  univer¬ 
sities  that  the  flexible  gate-keeper  judges,  and  other  future 
leaders  of  society,  should  be  exposed  to  some  real  science. 
They  should  appreciate  how  the  technologies  of  today  grew 
from  the  storehouse  of  knowledge  which  was  obtained  by 
previous  generations  (and  paid  for  by  previous  budgets). 
Fiber  optics  itself  is  a  new  example,  recently  made  much 


more  powerful  by  the  erbium  oxide  monolithic  fiber  ampli¬ 
fier.  The  latter  was  introduced  in  an  amazingly  short  time 
because  the  basic  research  had  already  been  done. 

Goldberg  goes  further.  He  argues  for  a  type  of  scientist- 
counselor  who  is  part  of  the  research  establishment,  but  who 
looks  ahead  at  the  possible  implications  of  the  research. 
Goldberg  is  focused  on  the  practical  value  of  a  scientific 
counselor  in  being  able  to  minimize  the  gap  early.  After  the 
technology  is  developed  the  gap  is  more  difficult  to  bridge. 
The  week’s  New  York  Times  carried  a  story  on  how  Mon¬ 
santo  is  going  to  carry  out  the  most  expensive  advertising 
campaign  yet  to  overcome  the  gap  that  has  arisen  in  connec¬ 
tion  with  hormones  for  increasing  milk  production.  Gold¬ 
berg  quotes  Bob  Cava  as  questioning  whether  toxic  super¬ 
conductors  will  ever  be  widely  usable.  He  points  to  a  1986 
case  where  a  worker  in  a  monazite  ore  mine  who  had  con¬ 
tracted  cancer  might  have  a  viable  claim  for  damages.  This 
ore  is  a  source  of  yttrium  and  this  might  possibly  turn  out 
to  be  the  source  of  a  regulatory  gap  along  with  thallium 
and  mercury.  Goldberg  further  argues  being  more  aware  of 
the  social  considerations  which  might  arise  from  a  basic  re¬ 
search  effort  at  an  early  stage,  the  counselor  might  be  able 
to  change  the  course  of  the  research.  This,  of  course,  has 
its  own  sets  of  problems,  and  I  am  not  convinced  that  it  is 
a  good  idea.  In  the  extreme  limit  of  dominance  by  science 
counselors,  the  ethic  of  socially  acceptable  progress  would 
permeate  all  research.  That  could  be  a  giant  step  back  to 
the  pre-Galileo  days.  But,  of  course,  we  don’t  have  to  go  to 
the  extreme,  and  just  getting  scientists  to  be  aware  of  the 
possible  scenarios  their  research  is  leading  to  is  worthwhile. 

I  hope  1  have  convinced  you  that  it  is  important  to  think 
about  the  place  science  occupies  in  society  today,  and  that 
it  is  important  to  begin  with  a  realistic  understanding  of 
the  way  things  are.  We  can  no  longer  rely  upon  the  “End¬ 
less  Frontier”  good  old  days,  epitomized  by  Oppenheimer’s 
remarks  right  after  Hiroshima  and  Nagasaki:  “If  you  are  a 
scientist  you  believe  it  is  good  to  find  out  how  the  world 
works;  that  it  is  good  to  find  out  what  the  realities  are; 
that  it  is  good  to  turn  over  to  mankind  at  large  the  greatest 
possible  power  to  control  the  world  and  to  deal  with  it  ac¬ 
cording  to  its  lights  and  its  values”.  Of  course,  in  hindsight 
many  mistakes  were  made  by  not  fully  informing  the  public 
of  the  cons  as  well  as  the  pros  of  nuclear  energy. 

If  we  do  nothing,  the  gap  will  grow.  The  AT&Ts  and 
IBMs  are  abandoning  the  basic  research  side.  The  populist 
anti-scientists  are  being  heard.  But  I  am  optimistic  that 
we  can  be  heard,  too.  Take  the  time  to  think  about  the 
implications  of  your  research  and  make  them  known.  This 
can  be  done  in  many  ways,  and  I  urge  you  all  to  pursue 
your  own. 

Science  and  Perspective  by  Gerald  Holton,  Harvard  Press 
(1995)  provides  enlightened  perspective. 

You  may  reach  Prof  Geballe  by  e-mail  at  Geballe@loki. 
stanford.edu  if  necessary. 
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Audience:  Materials  scientists,  physicists,  electronic  and  electrical  engineers. 

AIMS  AND  SCOPE 

The  aim  of  this  new  journal  is  to  provide  an  international  forum  for  the  exchange  of  ideas  concerning  the  large  and 
small  scale  application  of  superconductivity.  The  focus  of  the  journal  is  on  any  process,  device,  equipment, 
component,  system,  machine  or  structure  which  incorporates  a  superconducting  element  or  which  in  some  v/ay 
takes  advantage  of  or  relies  on  the  unique  electrical  or  magnetic  properties  of  superconductors  to  achieve  a  useful 
function.  Examples  include  analog  devices  and  SQUIDs,  which  are  generally  produced  from  thin  superconducting 
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papers  should  be  submitted  with  English  abstract  and  titles, 
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the  publishers.  Normally  a  brief  description  of  experimental 
techniques  and  mathematical  derivations  is  adequate;  a 
detailed  description  should  be  given  only  when  these  are 
new.  References  to  internal  reports  and  doctoral  theses 
should  be  avoided.  Authors  will  receive  proofs  for  correc¬ 
tion  when  their  papers  are  first  set,  and  alterations  must  be 
restricted  to  printer’s  errors.  Other  than  these,  any  substan¬ 
tial  changes  may  be  charged  to  authors. 
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selected.  Each  keyword  should  be  accompanied  by  the 
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has  been  selected. 
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3.  Illustrations  should  not  be  included  in  the  typescript  of 
the  paper,  and  legends  should  be  typed  on  a  separate  sheet. 
Line  drawings  which  require  redrawing  should  include  all 
relevant  details  and  clear  instructions  for  the  draughtsman. 
If  figures  are  already  well  drawn  it  may  be  possible  to 
reproduce  them  direct  from  the  originals,  or  from  good 
photo-prints  if  these  can  be  provided.  It  is  not  possible  to 
reproduce  from  prints  with  weak  lines.  Illustrations  for 
reproduction  should  normally  be  about  twice  the  final  size 
required.  The  lettering  should  be  sufficiently  large  and  bold 
to  permit  this  reduction.  Photographs  should  only  be  in¬ 
cluded  where  they  are  essential  and  the  originals  should  be 
supplied. 

4.  Tables  and  figures  should  be  so  constructed  as  to  be 
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same  data  should  not  be  published  in  both  tables  and 
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Abbreviations  of  journal  titles  should  follow  those  given 
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